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ABSTRACT
Diesel engines are a highly utilised form of power in many industries, particularly heavy
industry where the horsepower of a diesel engine often outweighs other power modes such
as battery or electric, and where intrinsic safety requirements necessitate their use. Since the
inception of the diesel engine in the late 1800s their design changed dramatically, as has
diesel fuel quality and exhaust emissions controls. The exhaust emissions from diesel engines
are known to cause adverse health effects to workers. These health effects include both acute
effects such as irritation to the eyes and respiratory system, and chronic effects with the most
serious of these being lung and potentially bladder cancer. There are many known and proven
controls for exposure to diesel exhaust emissions which vary depending on the workplace.
Maintenance of diesel engines is one such control. While maintenance of the engine to
Original Equipment Manufacturers (OEM) specifications and requirements as per warranties
for the vehicle is regularly undertaken proactively, vehicle and engine specific maintenance is
not usually completed. Earlier work identified that additional targeted maintenance could
result in reduced emissions and better operating equipment and thus warranted further
investigation. Targeted maintenance should be specific to the individual engine, also
considering other vehicles in a fleet with the same engine type to achieve fleet optimization.
Optimising a fleets performance with respect to engine emissions should result in reduced
exposure to workers though lower concentrations of harmful particulates and gases, and
properly maintained engines should reduce fuel consumption due to optimal operation and
burning fuel efficiently. Targeted maintenance can be informed by measuring and
understanding the components of diesel exhaust from an individual engine and conducting
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maintenance using this information to target specific requirements. This can be referred to
as emissions based maintenance (EBM). The aim of this research project was to further
investigate emissions based engine maintenance as a workplace control to reduce exposure
to diesel exhaust and to determine if there was an associated productivity gain. The objectives
of the research were to:
1. Implement EBM on two main vehicle types, namely a load haul dump (LHD) machine
and a personnel transportation vehicle (PTV);
2. Reduce diesel exhaust particulate and gas concentrations emitted from the fleet;
3. Reduce the amount of fuel used by LHDs and PTVs as a result of targeted and focussed
maintenance;
4. Reduce worker exposure to diesel particulate matter (DPM) over one year of EBM
implementation; and
5. Investigate nitrogen dioxide (NO2) exposure and the effect EBM has on it.
Reducing the fuel consumption of a diesel fleet would provide evidence of a productivity gain.
Productivity gains with respect to vehicle fleets within the mining industry refers to the cost
of having and operating a vehicle, with respect to the work the vehicle undertakes i.e. number
of trips in and out of a mine, number of loads delivered or moved etc. Thus, if a reduction in
fuel consumption is realised due to maintenance of the engine, with the vehicle still operating
to the same level, this would be considered a productivity gain.
A quantitative experimental research design study using an intervention and control site was
xxx

conducted.
One underground coal mine, Dendrobium Mine (Dendrobium) was the intervention site and
was used to investigate and determine the effectiveness of an EBM programme with respect
to vehicle emissions, fuel consumption and personal exposure. The second site, Metropolitan
Mine (Metropolitan) was the control site and was used to compare to the intervention site,
with all monitoring being conducted at similar timeframes as the intervention site, but no
intervention planned. Two types of vehicles were included in the research which were
common to the intervention and control sites and to coal mining in general. These were a
Load Haul Dump machine (LHD) and a personnel transportation vehicle (PTV).
To determine if proactive maintenance affected worker exposure and fuel consumption, the
following methodology was utilised:
•

Emissions based maintenance – monthly testing of diesel exhaust emissions prior to
and post control technologies on each individual vehicle, and acting on the test results
to focus proactive maintenance,

•

Fuel consumption manually measured at the bowser to determine litres of fuel used
per hour of vehicle use before, during and post intervention, and

•

Personal exposure monitoring for DPM measured as elemental carbon (EC), and NO2
on workers, before, during and post EBM intervention.

The results for the second objective; determining if a reduction in diesel exhaust particulate
and gas concentrations as a result of using EBM, demonstrated overall positive findings.
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Dendrobium showed vehicle emissions on the PTV increased by 7.1% on the manifold for EC
but decreased by 28.6% on the tailpipe. NO2 reduced on the manifold by 18% (p = 0.012) from
the beginning of the research study to the end, and by 42% (p = 0.000) on the tailpipe. CO
increased slightly on the PTV, 0.8% on the manifold and 5.9% on the tailpipe over the course
of the research.
The LHD saw an 18% reduction in EC on the manifold from the baseline to the final sampling,
and a 38.5% reduction on the tailpipe. The LHD saw a much lower reduction of NO 2 on the
manifold of 4% (p = 0.185) and 20% (p = 0.081) on the tailpipe. CO increased by 9.4% on the
manifold and reduced by 15.4% on the tailpipe.
These changes in exhaust were most noticeable on the tailpipe from the baseline to final
monitoring rather than on the manifold. This indicates that the intervention was most
successful at reducing EC emissions by improving aftertreatment devices such as filter seals
and blockages rather than changes to the engine system itself. There is additional scope to
implement changes on the engine to further reduce emissions.
With regards to the third objective of fuel consumption changes, a 6.3% (p = <0.05) reduction
in fuel usage was shown on the PTV and a 19.9% (p = <0.04) reduction on the LHD with an
overall average of 14.5% in fuel reduction for the two vehicle types at the intervention site.
Dendrobium was operating 10 LHDs and 14-15 PTVs. This reduction equates to approximately
$105,000 in cost savings annually at the time of measurement.
The results for the fourth and fifth objectives; personal sampling for DPM and NO2 were
positive for DPM exposures which supplements and supports EBM as a control to reduce
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worker exposure. Personal sampling results support the reduction in worker exposure to DPM
emissions with a 33% (p = 0.085) reduction in EC exposure to workers at Dendrobium over
the time of sampling. The reduction in exposure was sustained from the baseline, through the
midpoint sampling to the final sampling, with a downward trend across the three campaigns.
Personal exposure to nitrogen dioxide largely increased from the baseline to final sampling.
Overall worker exposure to EC was inconsistent but increased for workers at Metropolitan
over the duration of the research project due to maintenance issues. Nitrogen dioxide (NO2)
steadily increased, although results were still well below 10% of the current statutory
exposure standard of 3 ppm.
The findings presented in this thesis provide evidence that implementing an EBM programme
at an underground coal mine reduces emissions from commonly used vehicles, and
consequently reduces fuel consumption and personal exposure to diesel particulate matter
(measured as EC). The research clearly demonstrates how worker exposure reduction can be
achieved through source control, and there is concomitant economic benefit, perceived as a
productivity gain, in reduced fuel consumption. The research study determined and details
important supplementary findings that assist businesses implementing the process to do so
efficiently and effectively. This thesis also provides evidence that maintenance of existing
diesel exhaust emissions aftertreatment devices contributes to a significant proportion of this
reduction. If sites are not monitoring the effectiveness of controls fitted to vehicles, they
cannot ensure emissions are maintained at a level that is as low as reasonably practicable.
Recommendations arising from this research study include Dendrobium continuing their EBM
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programme, and further interrogate and utilise the emissions data for additional gain in
reduced exposure and fuel consumption. The process itself is now part of ‘business as usual’,
however, there remains additional benefit in utilising the data for even greater proactive
maintenance outcomes.
The study has raised important questions regarding data management and timely
interpretation of emissions data to allow opportune maintenance. A natural progression from
this research study would be to investigate and determine suitable telematics or similar, to
manage and instantly translate results from exhaust emissions monitoring into beneficial
maintenance requirements encompassing the individual vehicle and the fleet as a whole.
Collection of fuel data and determining faults through increased fuel consumption would be
enhanced with fuel tracking of each vehicle within a fleet. The current methods available in
underground coal mining make data collection challenging and time intensive.
An important supplementary finding of this research is the questionable effectiveness of
disposable diesel exhaust filters from initial installation. These filters are designed to control
DPM at the source by removing the DPM from the exhaust prior to the exhaust emissions
leaving the exhaust. Testing for filtration efficiency is currently not conducted in a way that is
representative of real world in-service use, and thus may be overestimating, or overstating
the efficiency of the filter through its usable life.
The insights gained from this study may be of assistance to any business with a regularly used
and maintained diesel fleet. Although further exploration is warranted, it follows that
implementing EBM could result in additional coexistent benefits such as a reduction in
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atmospheric pollutants, a reduction in potential health effects such as lung cancer and chronic
obstructive lung disease for the wider community and reduced greenhouse gases.
The findings from this study contribute to the existing knowledge of EBM in several ways,
including successfully executing the process in a large scale underground mining
environment, and demonstrating a twofold benefit from this implementation; that being a
reduction in worker exposure and a decrease in fuel consumption. These innovative,
scientifically demonstrated outcomes have provided a deeper insight into effectiveness and
benefits of controlling diesel engine exhaust through EBM at the source of the contaminant.
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THESIS OVERVIEW
The purpose of this overview is to assist the reader to understand the content and layout of
the thesis including the key messages in each chapter. The thesis has been written in eight
chapters. In general, each chapter contains an introduction, body of the chapter, summary
and reference list specific to that chapter.
The specific content and layout of each chapter is outline as follows:
Chapter 1 - Introduction and thesis content
Chapter 1 introduces diesel exhaust emissions and health outcomes to exposed workers, and
briefly mentions ways to control exposure before focusing on emissions based maintenance
as a control technology that requires further research. The research hypotheses are
presented, along with the aim and objectives of the research outlined. The conceptual
framework is presented, which was developed following a narrative literature review. The
literature review is incorporated into each chapter as outlined within this overview.
References are listed at the end of the chapter.
Chapter 2 - The mining industry and diesel engines
Chapter 2 examines the underground coal mining industry in Australia and its reliance on
diesel powered machinery. Further information is provided as to why exposure to diesel
engine exhaust must be controlled with reference to legislative requirements and current
knowledge on the health effects. Diesel exhaust controls are outlined, with reference to why
maintenance is an important control. References are listed at the end of the chapter.
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Chapter 3 - Literature review of EBM and research methods
Chapter 3 is a narrative literature review of diesel engine emission particulate and gaseous
contaminants including changes that have been made to engines over time to alter engine
exhaust emissions. Nanoparticles are briefly mentioned but do not form part of this research.
A review of the work that had already been conducted on EBM programmes, changes to
exhaust and fuel measurement is included.
The research method forms the other major section of this chapter where the intervention
and control site are introduced, and the quantitative experimental research design is
summarised. The vehicle types included in the research, and those excluded are discussed in
this chapter, along with the infrastructure available with respect to tracking fuel being briefly
explored. The process of engaging the sites to be included and important research dates are
included. The chapter concludes with some limitations, a summary and relevant references
for the chapter.
Chapter 4 - Collection of DPM, NO2 and CO emission data from vehicles and their
relationship to emissions based maintenance
Chapter 4 relates to the collection and analysis of emissions data. A literature review of the
testing equipment available for use, engine exhaust constituents and testing protocols form
the first part of the chapter. The methodology used for this research project to collect the
data, including ensuring the data is representative and repeatable, analysis was done
correctly, and the statistical methods used to analyse the data are discussed. Results for
exhaust sampling are given with variations between sites and vehicles presented. A section
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on the key contributors to the findings are presented particularly focusing on exhaust
conditioning water bath build-up causing backpressure, disposable diesel exhaust filters and
the filter housing. Improvements to future data collection are outlined. Finally, a section is
provided on the Diesel ChekMate® and changes that were made to the diesel particulate
matter analysis system to improve robustness and reliability. References are listed at the end
of the chapter.
Chapter 5 - EBM and its effect on fuel consumption
Chapter 5 is focused on fuel data collection and results analysis. A literature review of
previous data pertaining to maintenance on engines and fuel savings is provided. The
methodology adopted for this research project, and the results are provided, including
limitations to data collection. References are listed at the end of the chapter.
Chapter 6 - EBM and its effect on worker exposure to DPM and NO2
Chapter 6 provides a summary of the health effects of diesel exhaust, and current workplace
exposure standards. It provides information on similar exposure groups (SEGs) and a review
of workplace exposures to diesel particulate matter including how worker exposures have
changed over time. It provides information regarding worker exposure due to specific
controls. The methodology for data collection is presented, including the number of
participants required, how they are recruited, and confidentiality of data. Methods of
sampling and analysis are given, as well as discussion on laboratory analysis, and problems
encountered during the process. The data processing methods and results of the personal
sampling are provided with a discussion regarding the results. Limitations of the study are
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given and the references for the chapter are included at the end of the chapter.
Chapter 7 - Summary, conclusion, limitations, and recommendations
This chapter presents a discussion of each of the three elements of the research and how they
affect each other. It provides the overall limitations and recommendations for ongoing
research. It outlines the contribution this research has made to the broader scientific
community.
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CHAPTER 1 - INTRODUCTION AND THESIS CONTEXT
1.1

Introduction

The exposure of workers to diesel particulate matter (DPM) in the underground mining
industry has been a matter of concern for several decades. This is due in part to the types and
quantity of heavy diesel equipment used, the subsequent potential hazardous emissions from
this equipment, and their operation in a restricted area with ventilation constraints (Kurnia
et al. 2014). Whole diesel exhaust (the gases and particulates from diesel engine exhaust) was
declared a human carcinogen causing lung and possibly bladder cancer by the International
Agency for Research on Cancer (IARC) in 2012 (IARC 2012). Additional adverse health impacts
to the respiratory and cardiovascular systems include irritation of the eyes, nose and throat,
and increased blood pressure (Landwehr et al. 2019). Even though effective control strategies
have been available for a number of years, businesses continue to struggle with implementing
appropriate control strategies to protect workers (Davies 2004; Department of Natural
Resources Mines and Energy (QLD) 2019; McCarthy & Reed 2015; NSW Department of
Planning and Environment 2017). Available control strategies to reduce exposure to diesel
emissions include newer cleaner engines, higher quality fuels, clean fuel, improved
ventilation, improved maintenance practices/strategies, vehicle movement restrictions,
diesel particulate filters (DPF) (regenerating or disposable), and personal protective
equipment (PPE) amongst others (AIOH 2017; Anyon 2008; Bugarski et al. 2011). Data
collected by Coal Services Pty Ltd from 2014 to 2018 in NSW underground coal mines showed
35% of workers did not wear respiratory protective equipment when they were exposed to
more than the recommended guideline of 0.1 mg/m3 EC (Coal Services 2019; NSW
Department of Primary Industries 2008) thus predisposing them to adverse health effects.
1

The proactive maintenance of diesel engines, known as Emissions Based Maintenance (EBM),
to reduce workplace exposures to diesel exhaust is one type of control strategy. This type of
maintenance is above, and beyond ‘normal’ logbook/warranty style maintenance
recommended by the OEM and uses data measured from an individual engine to determine
maintenance required. This is a preferred, higher order control as it reduces emissions at the
source, preventing contaminants from reaching the workplace environment and exposing
workers.
Personal exposure to DPM is commonly measured in underground coal mines to determine
exposure to workers from diesel engines. Personal monitoring in underground coal mines was
recommended by the NSW Government Department of Trade and Investment soon after the
IARC declared diesel exhaust as a carcinogen to humans in order to enable a better
understanding of exposures (NSW Department of Industry 2013). Some businesses were
already conducting DPM exposure monitoring as part of their due diligence to the workforce
at the time (Pratt et al. 1998). Personal exposure data from 2008 to 2018 shows a decreasing
trend in elemental carbon exposure (Coal Services 2019), however, there are still regular
exceedances (Figure 1.1).
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Figure 1.1

Elemental carbon exceedance rate trend 2008-2018 (Coal Services 2019)

Nitrogen dioxide (NO2) is one of the gaseous components of diesel emissions that has become
increasingly important in understanding exposures as more knowledge of health effects such
as decreased lung function, increased risk of stroke and respiratory infections becomes
available (Landwehr et al. 2019). The American Conference of Governmental Industrial
Hygienists (ACGIH) lowered their workplace exposure guideline from 3 ppm to 0.2 ppm in
2012 (ACGIH 2016), and although the Australian exposure standard currently remains at 3
ppm, Australia regularly adopts ACGIH exposure guidelines after due consideration by the
Australian Government and States. At the time of the research study there was little published
evidence of personal NO2 concentration exposures in underground coal workers primarily due
to the prior lack of appropriate monitoring equipment, and the health effects not being
deemed as important.
Research in Canada and Australia has shown that an effective EBM programme within mining
operations could potentially reduce employee exposures to diesel particulate matter (DPM)
by up to 50%, however to date this has not been accurately measured. Other possible
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productivity gains such as fleet availability and cost savings were not defined (Davies &
McGinn 2005; McGinn 2000).
Reduced fuel consumption is seen as a productivity gain within the mining industry, due to
the reduction in cost related to purchasing less fuel, whilst not reducing the amount of work
completed. Data presented by Arch Coal, USA (Forbush 2007, 2015) at the Mining Diesel
Emissions Conference (MDEC) indicated that savings of between 10-23% of diesel fuel
consumption may be gained by maintaining diesel engines using EBM. Fuel cost savings of as
little as 5% are substantial and can provide a catalyst for employers to implement such
programmes with a resultant improvement in worker exposure due to decreased emissions.
If an EBM programme can be shown to be effective in the controlled environment of an
underground mine there is potential for its application on a larger scale (e.g. diesel-powered
buses in major cities and over-the-road diesel transport fleets) thus leading to an
improvement in public health and reduced generation of greenhouse gases.

1.2

Research hypothesis

The NSW underground coal mining industry in Australia is an excellent location to conduct
further research on EBM. The industry possesses a particularly good understanding of diesel
exhaust emissions and its health effects and has successfully implemented controls for diesel
exhaust exposure over a period of at least 20 years. However, there remains room for
improvement. Although there is a clear expectation from the mining regulators that diesel
exhaust emissions will be managed with sites maintaining their diesel fleet to operate within
specified levels using EBM as a source control, EBM is generally not well implemented (NSW
Department of Planning and Environment 2017; NSW Department of Primary Industries 2008;
Work Health and Safety (Mines and Petroleum) Regulation 2014 (NSW)). Therefore,
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enhancing scientific knowledge and providing the industry with added measures of success is
beneficial.
This research builds on the work done by McGinn (2000), Davies (2004) and Forbush (2015)
aiming to demonstrate that an EBM programme can lower worker exposure to diesel
emissions, and deliver a resultant productivity gain in the form of lower fuel consumption.
The main research hypotheses are as follows:
Hypothesis 1: Maintaining a diesel fleet using EBM reduces diesel exhaust emissions.
Hypothesis 2: Maintaining a diesel fleet using EBM improves productivity by reducing diesel
fuel consumption.
Hypothesis 3: Maintaining a diesel fleet using EBM reduces workers’ exposure to diesel
exhaust.

1.3

Research aims and objectives

The overall aim of this research project was to further investigate engine maintenance as a
workplace control to reduce exposure to diesel exhaust and to determine if there was an
associated productivity gain in the form of decreased fuel consumption when comparing an
intervention and control site. The objectives of the study were to:
1. Implement EBM on two main vehicle types, namely a load haul dump (LHD) machine
and a personnel transportation vehicle (PTV);
2. Reduce diesel exhaust particulate and gas concentrations emitted from the fleet;
3. Reduce the amount of fuel used by LHDs and PTVs as a result of targeted and focussed
5

maintenance;
4. Reduce worker exposure to diesel particulate matter (DPM) over one year of EBM
implementation; and
5. Investigate nitrogen dioxide (NO2) exposure and the effect EBM has on it.

1.4

Conceptual framework for the study

Poor or inadequate engine maintenance can lead to suboptimal engine performance,
inadequate aftertreatment operation, increased fuel consumption and worker exposure to
hazardous diesel engine exhaust emissions. Inadequate performance and operation of a
diesel fleet will add to the operating costs for the business, increase environmental harm and
increase the burden of disease for the workers and their families increasing the potential for
litigation against employers.
A narrative literature review was conducted for this research and outcomes presented within
individual chapters as relevant. The conceptual framework shown in Figure 1.2 encompasses
the information from the literature review and factors that affect exposure to workers from
diesel engine exhaust. The literature review highlighted proactive maintenance both of the
engine itself and aftertreatment devices as a key to controlling exposure to workers from
diesel exhaust, however these are not utilised to their full potential (Bugarski et al. 2012;
McGinn 2000). Other controls that exist such as purchasing cleaner engines, improved
ventilation and limiting the quantity of diesel equipment in a ventilation area of a mine, have
been well researched and are well understood by industry. In many cases these are well
implemented, and thus do not form part of this research.
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Figure 1.2

1.5

Conceptual framework for the study
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CHAPTER 2 - THE MINING INDUSTRY AND DIESEL ENGINES
2.1

Introduction

Understanding the underground coal mining environment and the industry’s reliance on
diesel engines for production of coal, is necessary to understand the extent to which harmful
diesel exhaust is part of this work environment. Legislation in Australia mandates the control
of exposures to diesel engine exhaust, both particulate and gaseous contaminants, to a level
where ill health effects are not experienced by workers. This chapter is a summary of the
diesel vehicle literature of the coal mining environment, diesel engine exhaust health effects
and current controls. It identifies a gap in the knowledge of a control and the need for further
research.

2.2

The underground coal mine environment in Australia

The coal mining industry is a significant contributor to Australia’s economy. In 2016, Australia
had 144.8 Billion tonnes (Bnt) of proven coal reserves making up 12.7% of the global total
(ArifSyed J.M et al. 2017). Of this, thermal (sub-bituminous, lignite) coal made up 52.8%, and
metallurgical (bituminous & anthracite) coal made up 47.4% (ArifSyed J.M et al. 2017).
Thermal coal is used to generate energy through coal-fired power stations whilst metallurgical
coal is used for steel and iron manufacturing. In 2016, a total of 500 Million tonnes (Mt) of
coal was produced in Australia, a significant proportion of which was exported overseas
(ArifSyed J.M et al. 2017). A report by the Australian Bureau of Agricultural and Resource
Economics (ArifSyed et al. 2010) predicts coal will continue to be a major contributor to
Australia’s energy needs, and will remain Australia’s main energy export, continuing to
increase by 2.4% annually up to at least 2030. In 2015, the World Coal Association rated
Australia as 4th (491.2 Mt) in the top ten coal producers.
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Coal is mined by using either an open cut method if the coal is near the surface; or
underground mining where tunnels or shafts are created from the surface to the mineral
seam to extract the coal underground. In NSW, underground coal mining makes up around
35% of raw coal production. However world-wide this is closer to 60%. Many kilometres of
extensive tunnelling are required underground to transport workers, machinery and coal into
and/or out of the mine.

2.3

Why diesel engines are necessary

Diesel engines have been used in industry for over 120 years. Rudolf Diesel was granted
patent No. 608,845 from the United States Patent Office on 9 August 1898 for the Internal
Combustion Engine (Diesel 1898). Prior to this, he had already gained patents in 11 other
countries with the first in Spain in 1894 (Diesel 1898). Diesel powered vehicles are relied on
heavily in underground coal mining due to their efficiency, reliability, low maintenance costs
but particularly their high-power output at low engine speeds.
Diesel equipment used in mining is purpose-built and uniquely qualified to do demanding
work under extreme stress. Diesel engines underground include vehicles to transport
personnel and equipment and to maintain roadways to name a few. Other power sources are
yet to provide the same power, efficiency, versatility, reliability, durability and fuel efficiency.
There is a focus on battery-electric haulage but one of the major shortfalls of battery
technology at present in mining is the need to operate equipment continuously on a 24 hour
basis, thus not allowing recharge time (Leonida 2017; Mining3 2018). Additionally the
potential for explosive gas such as methane in coal mining, means the initial primary target
for battery-electric options are deep and ultra-deep hard rock mines due to the low potential
explosion risk (Leonida 2017). There are alternatives in some environments to use other
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power sources, and research is ongoing to provide or improve additional ‘cleaner’ options.
Therefore, in coal mines there are limited options, and consequently it is anticipated that
diesel engines will be part of underground coal mining for the foreseeable future.

2.4

Why controlling exposure to diesel engine exhaust is necessary

In 1988, the National Institute for Occupational Safety and Health (NIOSH) published the
Current Intelligence Bulletin 50, that recommended that “whole diesel exhaust be regarded
as a potential carcinogen” (NIOSH 1988). In 2012, IARC declared diesel engine exhaust as
carcinogenic to humans (IARC 2012b). Diesel engine exhaust has been recognised as a health
problem within industry using diesel engines for decades, and this has been highlighted in the
NSW Work Health and Safety (Mines and Petroleum) Regulation 2014 (Mines Regulation)
(Work Health and Safety (Mines and Petroleum) Regulation 2014 ; Work Health and Safety
Regulations 2017 (NSW)).
Diesel engines are major contributors to particulates and gases in the air (Cantrell & Watts
1997; IARC 2012a), and workers can spend a substantial amount of their work shift in the
vicinity of this equipment. This can result in exposure to diesel particulate matter as well as
gases such as carbon monoxide, carbon dioxide, nitric oxide, nitrogen dioxide and
hydrocarbons. Pronk et al (2009) conducted a review of industries and found that the highest
levels of diesel particulate matter were reported from enclosed underground environments
where people are working with heavy diesel equipment. This may have reduced to some
extent in the Australian mining context due to improvements in controls including engine
efficiencies. However in 2015 there were over 39,000 workers in coal mining, 12,000 in nonmetal mining and 65,000 in metal operations (Australian Bureau of Statistics 2019) and a
significant proportion of these workers would be exposed to diesel exhaust in their daily work.
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Diesel engines are still used in many workplaces today, and although there are an increasing
number of alternatives, and improvements to emissions, many workplaces will continue to
use diesel engines for several years yet, if not indefinitely with continuing exposures. It is
consequently necessary to control emissions to reduce exposure diesel exhaust and its health
effects on workers.
2.4.1

Legislation

Legislation in Australia requires operators of workplaces to ensure the health and safety of
workers and workplaces by eliminating or minimizing risk (Work Health and Safety Act 2011
(NSW)). The Regulation requires persons conducting a business or undertaking (PCBU) to
identify hazards in the workplace, assess the risk from those hazards and eliminate or
minimise them as much as possible (Work Health and Safety Regulations 2017 (NSW)).
Mines in NSW are also governed by the Work Health and Safety (Mines and Petroleum Sites)
Act 2013 and Mines Regulation 2014 (Work Health and Safety (Mines and Petroleum Sites)
Act 2013 (NSW); Work Health and Safety (Mines and Petroleum) Regulation 2014 (NSW)), and
within the Regulation exhaust emissions are specifically identified as a hazard requiring
control. Mine operators must ensure that exhaust emissions from diesel engines are regularly
sampled and analysed, and the engine maintained accordingly, to reduce emissions to as low
as reasonably practical, taking into consideration baseline exhaust results for the specific
engine (clause 53). Exhaust emissions must be sampled and analysed every 6 months by a
licensed person (Part 9 Licensed activities at Coal Mines). The mine must also ensure that
mine ventilation is adequate to reduce diesel emissions to as low as is reasonably practical
(clause 55). Diesel engine pollutants are required to be included in the mechanical
engineering control plan where details regarding managing diesel exhaust to meet and
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maintain requirements for registration are specified (clause 26 (4) Principal control plans and
Schedule 2 (2) Mechanical engineering control plan). Assistance in developing, implementing
and reviewing the mechanical engineering control plan is available within the NSW Code of
Practice (COP) for mechanical engineering control plans (NSW Department of Industry 2016).
This details relevant emissions maintenance strategies, sampling and analysis and fuel
standards providing guidance to control diesel emissions to mine sites.
Mine Design Guideline (MDG 29) for the management of diesel engine pollutants in
underground environments (NSW Department of Primary Industries 2008) and Safety Bulletin
13-03 (NSW Department of Industry 2013) are referred to within the COP for the mechanical
engineering control plan and thus must be considered when managing diesel exhaust. MDG
29 is a key document regarding managing diesel engine pollutants underground and provides
advice on how and when to sample emissions, the levels of acceptable emissions and
maintenance practices.
2.4.2

Health effects – diesel particulate and diesel exhaust gases

In 2012, the IARC (2012b)classified Diesel Engine Exhaust as a Group 1 carcinogen to humans
meaning it can cause cancer predominantly in relation to lung and to a lesser extent bladder
cancer. The potency has not been defined, and an in-depth review of published studies by the
Australian Institute of Occupational Hygienists (AIOH (2017) and Möhner and Wendt (2017)
has found the potency of diesel particulate matter as a carcinogen to be weak.
Exposure can also result in several non-malignant effects such as increased heart failure and
ill-effects around the cardiovascular system (Health Effects Institute 1995; Lucking et al.
2011). Hart et al (2012), determined that there appears to be an increasing risk of adverse
health effects with increasing exposure and small link between occupational exposure to
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diesel exhaust and chronic pulmonary disease. In 2013 the IARC concluded that outdoor air
pollution is carcinogenic to humans (Loomis et al. 2013). The particulate matter component
of air pollution is what is most closely associated with an increase in cancer. However, the
World Health Organisation (WHO) estimated that in 2016, 58% of outdoor air pollutionrelated deaths were due to ischemic heart disease and strokes and 18% were due to chronic
obstructive pulmonary disease and acute lower respiratory infections, with an additional 6%
due to lung cancer (WHO 2018). Miller et al (2012) reported that oxidative stress (the
generation of reactive oxygen species over and above that which the body’s defences can
remove) is a consistent link between pulmonary and cardiovascular effects of inhaled
particulate matter. Although it is difficult to determine exactly how much urban air pollution
is due to diesel exhaust emission (approximately 6-41%) (Miller et al. 2012), it is regardless an
important source of environmental ultrafine particles. Diesel exhaust is made up of fine (PM2.5
particles with a diameter less than 2.5 µm) and ultra-fine particles (PM0.1 particles with a
diameter less than 100 nm), and it is these small particles that are believed to be important.
They have a very large surface area and an ability to carry toxic and carcinogenic organic
chemicals, and reactive metals on their surface, which are then inhaled deep into the airways
(AIOH 2017; Miller et al. 2012; Wilson et al. 2018). It is not clear precisely how inhaled
particles adversely affect the cardiovascular system. Results from preclinical studies indicate
oxidative stress may be a mechanism that links together inhaled particles and resultant
cardiovascular dysfunction (Miller et al. 2012). Further work by Wilson et al (2018) has found
that diesel exhaust inhalation promotes oxidative stress in several biological compartments
that can be directly associated with cardiovascular effects. Controlled exposure studies to
DPM has demonstrated changes in blood pressure, heart rate, vascular tone, endothelial
function, myocardial perfusion, thrombosis, atherogenesis and plaque stability (Wilson et al.
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2018). Clearly the number of these particles is important and there are a significant amount
of particles due to the large proportion of small particles emitted per unit mass of DPM (Ellis
et al. 2004; Peters et al. 1997). Chronic health effects from exposure to diesel exhaust may
take 10-30 years to develop (AIOH 2017).
In addition, acute health effects include irritation of workers eyes causing the lacrimation
(secretion of tears), and throat and bronchial irritation causing coughing. In addition, diesel
exhaust emissions are known to be associated with non-health aspects such as malodour
(unpleasant smell), visual, and nuisance pollution which can create a negative and stressful
atmosphere due to worker dissatisfaction with a work environment.
The gases within the exhaust also contribute to health effects, chiefly non-malignant health
effects. Although there are many gases within the exhaust including CO, NO and aldehydes,
NO2 is a point of focus due to its insoluble nature and therefore an inability to be removed
within the nasal passages. NO2 is a respiratory irritant with an irritating acrid odour that
particularly affects asthmatic workers distressing the lower respiratory tract (ACGIH 2012). At
the time of this research, there was very little data available regarding NO 2 exposure to
underground coal mine workers, particularly in gaseous mines, where temperatures of
engines must be kept low, therefore it is important to include personal NO2 measurement
within this research to understand potential exposures from diesel emissions.
2.4.3

Diesel exhaust controls

There are many controls available to reduce exposure to diesel emissions. Generally, more
than one control is required to adequately manage worker exposure. The hierarchy of
controls should be considered when determining diesel exhaust controls, with the possibility
of eliminating diesel completely by moving to other sources of power. However, if diesel
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vehicles must be used on site, further controls may be required. The AIOH (2017) lists the
following controls;
•

New-generation low-emission engines, such as US EPA Tier 3 or Tier 4, Euro III or Euro
IV

•

Low emission fuel, delivered to the engine in a clean state

•

Underground mine ventilation taking into consideration numbers and size of vehicles

•

Maintenance programmes targeted at minimising exhaust emissions

•

Vehicle restrictions - limiting the number of diesel engines operating in an area

•

Exhaust treatment devices such as wet scrubber systems, regenerative ceramic filters,
disposable diesel exhaust filters (DDEF) and exhaust dilution–dispersal systems.
Exhaust filters can be permanently or temporarily fitted. Ensuring the effectiveness of
the filter on its own, as well as within the filter system is vital

•

Exhaust ventilation in workshops where vehicles are required to idle constantly to
maintain a state of readiness or are being maintained while operating

•

Well-sealed, filtered and maintained air-conditioned operators’ cabins

•

Driver and workforce education

•

Personal protective equipment. In all situations, other control technologies should be
explored in preference to personal protective equipment. Care should be exercised
when selecting personal protective equipment to ensure a respirator is selected that
has been validated against challenge particles of comparable size and makeup to that
of diesel particulates (Burton et al. 2017).

Of the potential control technologies listed by the AIOH, maintenance programmes targeted
at minimising exhaust emissions to reduce workplace exposures is one of the least
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implemented controls due in part to a perceived complexity and the uncertainty of benefits.
This control is under-utilised, but should be preferred as it reduces emissions at the source,
and may have added benefits of reducing fuel consumption (Davies 2004; Forbush 2007;
Waytulonis 1992). The NSW Department of Planning and Environment undertook a review of
worker exposure to diesel engine exhaust in mines and found gaps in regular testing and
analysis of diesel exhaust (NSW Department of Planning and Environment 2017). Without
regular testing, the emissions of the engine are unknown and cannot be managed and
maintained. McGinn (2000), Davies (2004) and Bugarski et al (2012) all found improvements
in diesel engine exhaust with EBM, however the benefits in terms of worker exposure and
fuel consumption were not quantified. Quantifying advantages such as these would assist
businesses to build a business case for investment and implementation of the process.

2.5

Summary

Underground coal mining has changed considerably over the last 50 years with the
introduction of diesel engines, and their use is becoming increasingly significant as coal
deposits move deeper underground and further from the mine portal (surface entrance). The
design of diesel engines has also changed in that time, with an increasing focus on reducing
exhaust emissions. Mine sites are aware of their obligations to control exposure to diesel
exhaust emissions, and legislation has been introduced to bring focus to this requirement.
Legislation requires mine sites to have a mechanical engineering control plan that includes
specific details regarding the control of diesel exhaust emissions including detail around
monitoring emissions and maintaining engines. The aim is to reduce emissions to as low as
reasonably practical and thus reduce worker exposure and provide a healthier workplace.
Health effects from diesel exhaust exposure are debated worldwide, but due to the changing
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design of engines releasing different signatures of particulate and gaseous emissions,
changed and improved fuel quality, and differences in how epidemiological data has been
collected, the potency of diesel emissions are not well defined. Regardless, the IARC have
declared diesel exhaust emissions a lung and possibly bladder carcinogen, and non-malignant
effects regarding cardiovascular issues amongst others are evident.
Although there is a decreasing trend in overexposure to workers in the NSW underground
coal mining industry there remain over exposures even with well-known controls in place.
This is supported by information reported by Coal Services showing 40% of samples exceeded
the exposure guideline of 0.1 mg/m3 in 2008 compared with 9% in 2018 (Coal Services 2019),
when barriers to controlling this exist.
The review of the literature indicates that EBM is not widely utilised and there is a gap in the
current knowledge regarding the benefits of maintaining a diesel fleet using EBM. Further
research in this area, with a focus on fuel consumption and worker exposures may provide
information to encourage sites to implement EBM process if the results can be demonstrated
to be beneficial. Data on worker exposure to NO2 in Australian underground coal mines was
found to be sparse, and an understanding of likely exposures is needed to determine if
workers are currently over exposed, and therefore if further controls are required in this area,
and furthermore, if EBM has an effect on these exposures.
Thus, the aim of this research project was to further investigate EBM as a workplace control
to reduce exposure to diesel exhaust and to determine if there was an associated productivity
gain in the form of decreased fuel consumption when comparing an intervention and control
site. The objectives of the study were to implement EBM on personnel transportation vehicles
(PTV) and load haul dump (LHD) machines and to then determine if as a result of
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implementing EBM and targeting and focussing maintenance, there was a reduction in diesel
exhaust particulate and gas concentrations emitted from the fleet. Further objectives are to
determine, as a result of implementing EBM, if there is reduced fuel consumption of these
two vehicle types and reduced worker exposure to diesel particulate matter (DPM) over one
year of EBM implementation. Determining the nitrogen dioxide (NO2) exposure to workers in
the underground mine and the effect, if any, EBM has on it is the final objective.

2.6
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CHAPTER 3 - LITERATURE REVIEW OF EMISSIONS BASED
MAINTENANCE AND RESEARCH METHODS
3.1

Introduction

Objectives of this research include establishing if an EBM programme can lower worker
exposure to diesel exhaust emissions with a resultant productivity gain by lowering fuel
consumption. If such a productivity gain could be demonstrated, positive benefits would flow
to both workers and mine operators. However, if lower worker exposure is the outcome
without a significant productivity gain with respect to fuel consumption, then the operators,
and the industry still benefit but implementation of EBM across the mining industry may take
longer than if a pronounced productivity gain could also be realised. If these outcomes can be
confirmed, then EBM has the potential to have a significant return on investment with respect
to reducing exposures to workers and reducing fuel consumption, and therefore costs. This
evidence would assist businesses within the mining industry and potentially other diesel
vehicle users, to build a positive business case to implement EBM.
Extensive work has been completed to demonstrate the effectiveness of EBM on reducing
emissions (Bugarski et al. 2012; Davies & McGinn 2005; Forbush 2007; McGinn 2000; Spears
1997; Waytulonis 1992). If emissions are reduced, then it is logical that worker exposure
would be reduced in line with these emissions. However, a robust scientific assessment of the
worker exposure and the impact on fuel consumption has not been linked with reduced
emissions. Studies have been conducted that indicate reduced fuel consumption is likely to
be an outcome (Forbush 2007, 2015; Waytulonis 1985). Therefore, this research seeks to
assess and quantify those outcomes.
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This chapter contains a narrative literature review of diesel engine emissions and the
effectiveness of EBM in terms of influence and impact on worker exposures and productivity
improvement. It highlights areas of research gaps and explores the choice of methods
available.
The chapter also includes the research design and methodology for the quantitative
assessments of emissions, productivity improvement and worker exposure.

3.2

Literature review

3.2.1

Diesel engine emissions

Diesel-fuelled internal combustion engines emit complex and changeable emissions
containing contaminants both in the gaseous and particulate phase. The gas phase consists
of many gases including nitrogen oxides (NOx) which is essentially NO and NO2 added together
(note: other oxides of nitrogen may be present but not in quantities worth considering for
this purpose), oxygen (O2), carbon monoxide (CO), carbon dioxide (CO2), water vapour and
volatile organic compounds (VOCs) such as benzene and formaldehyde, while the particulates
consist of both elemental carbon (EC) and organic carbon (OC), sulphates and metals (IARC
2012). Additional contaminants such as polycyclic aromatic hydrocarbons (PAHs) and
nitroarenes are found in both the gas and particulate phases (IARC 2012).
The composition of diesel emissions depend on a number of factors including the type of fuel
used and quality, the type and age of the engine, engine wear, the state of engine tuning and
maintenance, emission control systems and pattern of use (Bugarski et al. 2012; Spears 1997).
Ambient conditions such as barometric pressure, particularly low barometric pressure at high
altitudes, temperature and humidity affect DPM emissions and CO, with high altitudes
increasing DPM and CO significantly (Human et al. 1990).
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Elemental carbon or solid carbon soot is formed in the fuel-rich regions of the burning diesel
jets where the fuel does not have enough oxygen to allow proper and complete combustion
prior to the exhaust valve opening (Showry 2015). Charred product remains in the exhaust.
This charred product or soot is the solid carbon soot or elemental carbon (EC). The visible
types of particulate emissions also depend on the operating mode and conditions, exhaust
aftertreatment systems and the type of fuel and oils used (Bugarski et al. 2011; Showry 2015;
Waytulonis 1992).
McClellan et al (2012) provide a comprehensive timeline of key Regulations introduced in the
USA to drive improvements in diesel engine technology and fuels used. Regulations began in
1968 with the first ‘smoke standard’ was issued for on-road heavy duty diesel engines. In 1994
the US EPA adopted an engine tier classification system for all new non-road diesel engines
(DieselNet 2013; McClellan et al. 2012). Engine tiers are emission standards that require diesel
engines manufactured after a certain date to meet the performance levels in the specific
standard. The US EPA engine tier classification include Tier 1, Tier 2, Tier 3, Tier 4 Transitional
and Tier 4 Final. These Tiers were designed to be effective in reducing emissions using a
phased approach from 1996 to 2015. In addition to the engine classifications, improvements
in fuel were required with respect to sulphur reduction from over 500 ppm to less than 15
ppm. At the same time the European standards for non-road diesel engines were introduced
(DieselNet 2014). These were Stage I-V and are in line with the US EPA standards, with Stage
V enforced from 2021.
Traditional diesel engines (TDE) are generally referred to as pre-1988, transitional diesel
engines are 1988 to pre-2007, and new technology diesel engines (NTDE) are those
manufactured post-2007. The two groups pre-1988 to pre-2007 are regularly incorporated as
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one group TDE, although some engines post 1988 were retrofitted with further controls and
NTDE also includes earlier model diesel vehicles retrofitted with aftertreatment devices that
comply with the US EPA’s 2007 PM emissions standard of 0.01g/bhp.hr (grams per brake
horsepower per hour). The key features of NTDEs includes a focus on ‘in cylinder’ combustion
processes and associated electronic control management of engine parameters.
These advancements in engine combustion and improvements in fuel types have led to an
alteration in the chemicals commonly found in diesel exhaust pre-2007 to post-2007.
Advances in diesel engine technology and fuel have resulted in reductions in emissions, chiefly
particulate matter, nitrogen oxides and hydrocarbons. Therefore, the emission profile of
diesel exhaust differs between new technology engines and older engines (McClellan et al.
2012).
While on-road diesel engines sold in Australia, such as highway registered trucks and buses
are regulated to meet strict emission limits, there were no regulations or standards in place
to control emissions from non-road diesel engines in Australia unless industry set their own
(Senate Community Affairs Committee 2013). Underground coal mines can evolve explosive
gases and thus, these mines have strict criteria regarding intrinsic safety and explosion proof
requirements of engines. Due to this they are not able to encompass many of the latest
technologies and are thus several generations behind other industries such as underground
metalliferous mines. Metalliferous mines do not have these intrinsic safety and explosion
proof restrictions and are therefore able to replace their diesel fleet over time with newer
technologies. Both older and newer engines will be within the mining environment for many
years given the longevity of the vehicle’s lifecycle and cost of capital to replace, however
irrespective of their age, any poorly maintained diesel engine can be a significant polluter.
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3.2.2

Particulate and gaseous emissions

Particle mass of DPM in new engines has been reduced by an order of magnitude, although
the number of smaller particles has increased with NTDE (Hesterberg et al. 2011; Kittelson
1998; Matti Maricq 2007; McClellan et al. 2012). Substantial reductions have also been
reported for CO, non-methane hydrocarbons, formaldehyde, benzene, acetaldehyde and
polycyclic aromatic hydrocarbons (McClellan et al. 2012).
Particulate matter from post-2007 engines is dominated by sulphates (53%) and organic
carbon (30%) with an EC content of approximately 13% compared to 40-90% in TDE
(Hesterberg et al. 2011). Studies by Biswas et al (2009) and Liu et al (2005) also support a
significant reduction in elemental and organic carbon and particle-phase and semi-volatile
organic compounds present in diesel engine exhaust. Research indicates this is not only due
to the new engine formation, but also exhaust aftertreatment and changes in fuel
constituents (Biswas et al. 2009; McClellan et al. 2012; McDonald et al. 2012).
3.2.3

Nanoparticles and particle number

Nanoparticles were initially proposed as being of potential concern following the changes in
engine technology as there were less condensation surfaces available for particles and it was
thought that disposable diesel exhaust filters (DDEF) and diesel particulate filters (DPFs) may
have promoted nucleation and contribute to increased nanoparticle number concentrations
(Bagley et al. 1993; Kittelson 1998; Mayer et al. 1998). Kittelson (1998) determined that the
formation of tiny particles by new types of engines would rely on the comparative amounts
of condensable species and the solid surface on which it condenses or adsorbs. Conversely, it
has been reported that DDEFs and DPFs can effectively remove diesel nanoparticles but that
some aftertreatment configurations and operating conditions may contribute to the
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formation of nucleation-mode sulphate particles after the control devices (Grose et al. 2006;
Herner et al. 2011; Hesterberg et al. 2011; Kittelson et al. 2006; Matti Maricq 2007). It remains
uncertain how a shift to smaller particles size will affect the toxicity of NTDE compared to TDE
and more research is required (Landwehr et al. 2019).
Although research has begun in earnest on nanoparticles and diesel emissions, and some
early conclusions have been reported, there remains significant variations and large
uncertainties in key concepts such as size (studies defining nanoparticle sizes <180 nm, 3-30
nm and <50 nm) and physical and chemical properties of nanoparticles (Kittelson 1998; Matti
Maricq 2007). Work by Grose et al (2006), showed that nanoparticle emissions from NTDE are
predominantly made up of water-soluble ammonium sulphates and sulphuric acids with a low
toxicity to humans. Studies are ongoing comparing total numbers and composition of
nanoparticles of TDE with NTDE (Hesterberg et al. 2011; Landwehr et al. 2019). There is
currently little data on particle number and related health effects although information is
emerging that the particle size and number have a more significant contribution towards
adverse health impacts than the mass of EC (Black & Mullins 2019).
There are no current health-based standards as to the acceptable size and number of particles
emitted from raw exhaust either for occupational exposure standards, or for emission
standards in Australia, and work reviewing surface area and particle number has shown that
results vary due to engine operating condition. A particle number (PN) limit of 1 x 1012 #/kWh
for engines between 19 and 560 kW was introduced in Europe for non-road engines in 2016.
This was based on data the Swiss used to determine their particle number for construction
machinery engines as at the time there was no data available for European non-road engines
(European Commission 2014). The particle number was introduced in Europe in order to force
29

the use of particulate filters, to reduce exposure to these particles (Dallmann & Menon 2016;
European Commission 2014).
There is a lack of detailed engine profile data of current mine engines in the NSW Coal
Industry. This is due to the fact that all diesel engines are de-rated from their original state to
operate at lower surface temperatures minimising the risk of explosions. There are no current
standards or protocols on how to measure nanoparticles emissions of in-service engines,
although monitoring equipment is available to provide this emission data. There is significant
scope to incorrectly and inconsistently measure nanoparticle emissions due to variations such
as sample dilution rates, temperatures, and variability of emissions across the tailpipe, as well
as relative humidity. Nanoparticles are clearly important to human health and need to be
measured and monitored, nevertheless findings to date are not clear on monitoring
techniques and data interpretation.
Considerable research still needs to be undertaken regarding the engine output of
nanoparticles and the maintenance conditions that cause increases in nanoparticles, as well
as the development of an appropriate workplace exposure standard.
3.2.4

Effectiveness of EBM programmes

Although Rudolf Diesel was unlikely to have recognised the health ramifications of an out of
tune engine, he was undoubtedly aware that an engine needs to be tuned correctly to operate
to its full potential. This is evident from his statement in his diesel engine patent “It is of
particular importance that the fuel entering at the mouth should be thoroughly consumed and
without the formation of soot.....The construction may be similar to the Bunsen burner, which
as well known, gives a smokeless non-luminous flame” (Diesel 1898).
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The Bureau of Mines (BOM) in USA sponsored work in the 1980’s that was conducted by
Southwest Research Institute (SwRI) to quantify typical mine diesel emission levels and
correlate this information to the effects of maintenance and time-in-service (Waytulonis
1987, 1992). The results of the study determined that if proper and sustained maintenance
practices are conducted, very low levels of exhaust pollutants will result, and the quality of
the mine air will therefore be improved. In addition, equipment availability and performance
with minimum fuel consumption will improve (Waytulonis 1987, 1992). Work by the BOM
demonstrated a 1000% increase in DPM due to inadequate or improper maintenance
(Branstetter et al. 1983). The University of Minnesota’s Centre for Diesel Research developed
procedures for using tailpipe gas measurements as a diagnostic tool for engine maintenance
(Spears 1997), and this was included in McGinn’s (2000) work.
McGinn (2000) elaborated on this early work and conducted a comprehensive study within
the Canadian Metalliferous Mining Industry which confirmed significant relationships
between diesel engine maintenance and exhaust emissions. This work showed that
improperly maintained diesel engines can emit higher undesirable emissions compared with
well-maintained diesel engines.
Within this study McGinn (2000) noted several key learnings:
•

A trained and well-resourced team consisting of mechanics, operators, supervisors,
planning and management is required for success

•

An annual audit of engine maintenance is necessary

•

There must be a strategy to improve maintenance practices to reduce emissions

•

The testing must be of undiluted exhaust emissions
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•

Action limits on emissions are required

Using McGinn’s (2000) findings, Davies (2004) completed a study in the Australian Coal Mining
Industry, reviewing and demonstrating the benefits of emissions based engine maintenance.
Of the 11% of vehicles tested with abnormal emission levels most were traced back to poor
maintenance practices. An aspect missing from McGinn’s work in 2000 was testing after diesel
particulate filters. His recommendations of testing undiluted exhaust emissions determine if
an engine requires maintenance, however, it does not confirm if the emissions control
technology is working correctly or requires maintenance.
Forbush (2001, 2007, 2015) continued the work of McGinn (2000) improving the work
environment and using EBM to ensure diesel powered equipment is at or better than
regulatory approval status and is running as efficiently as possible and emission data is used
as a measure of performance.
McGinn (2000) provides four case studies of EBM on a variety of engine types using a system
by system approach from the documented guidelines and best practices. One such case study
of a Caterpillar grader found leaks in the intake system, a defective turbocharger, fuel
injection badly out of tune and the cooling system requiring modification. Following
maintenance, the overall result was gaseous emissions reduction of 66% downstream, and a
37% reduction in particulate emissions from 121 mg/m3 to 77 mg/m3 (McGinn 2000). Similar
positive case study scenarios are provided in Bugarski et al’s (2012) study.
Davies and McGinn (2005) reported on the reduced elemental carbon emission from engines
following maintenance (Table 3.1).
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Table 3.1

Raw exhaust elemental carbon results before and after maintenance

Engine Type

Before
After
Maintenance Maintenance Maintenance performed
(mg/m3)
(mg/m3)

*PJB-132
KIA 6-247

139

46

Cleaned exhaust scrubber tank

KIA 6-247

131

40

Cleaned exhaust scrubber tank

KIA 6-247

102

61

Replaced injectors, cleaned
exhaust scrubber tank and intake
system

MWD D916-6

159

71

Replaced injectors

KIA 6-247
(supercharged)

155

75

Replaced intake air filter

Cat 3304

166

54

Replace injectors

75

44

Retarded timing, cleaned air
intake system

206

80

Cleaned flame trap, reduced fuel

Perkins 1006.6

KIA 6-247

An investigation carried out on the engines listed in Table 3.1 established that basic
maintenance could correct the non-compliant engines. In the worst case (*PJB 132 – KIA 6247 engine) the water filled scrubber tank was found to be blocked with carbonised exhaust
material placing an excessive back pressure on the engine. The scrubber was treated with a
chemical cleaner and returned to service. In addition, the fuel pump was found to be faulty
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and when the engine was retested the raw exhaust EC concentration dropped from 139
mg/m3 to 46 mg/m3, resulting in a 67% improvement.
3.2.5

Exposure reduction resulting from EBM

Reviews of workplaces, the prevalence of exposure to diesel exhaust and historical exposure
data has demonstrated that exposure to diesel exhaust occurs and is a hazard to the workers,
with the risk dependent on the amount of exposure (Peters et al. 2015; Pronk et al. 2009).
Anecdotal evidence in Australia (Davies 2004) has shown that an effective EBM programme
at mining operations has the potential to reduce employee exposures by up to 50%, however
the actual reduction in personal concentration has not been scientifically quantified. It follows
the usually accepted rules of logic that if gases and particulate are reduced from the exhaust,
and there are no other contributing factors such as a decrease in ventilation, then worker
exposure will also decrease.
A hypothesis of this research is that EBM will reduce worker exposure to components of diesel
emissions.
3.2.6

Productivity improvement due to EBM

In terms of productivity improvement resultant from implementation of EBM and tuning
engines to the correct altitude, Forbush (2001) estimated a 23% reduction in fuel
consumption at Canyon Fuel Company for 300 engines using EBM. The Canyon Fuel Company
had three coal mines in Utah, all at greater than 2000 metres above sea level. Forbush worked
with these mines to determine their baseline gaseous emissions, and to reduce these levels.
Sampling and maintenance were conducted to change these engines from original engine
manufacturer (OEM) specification to the sites’ specific duty cycles, working altitude and drive
train components. In addition to the 23% reduction in fuel consumption, there was improved
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visibility, less down time and reduced engine replacements over a 4-year period (Forbush
2001). Information is not available as to how the fuel savings were estimated and if this was
over the entire fleet, or part-thereof.
Davies (2004) and McGinn (2000) provide anecdotal information that a productivity gain in
terms of increased fleet availability and the improvement in the “bottom line” for the mine
in operating costs may result from the introduction of an EBM programme.
The measurement of fleet availability in underground coal mining operations is a complex
task due to intrinsic safety requirements restricting the accurate measurement of vehicle
movements and operations. Fuel measurement provides a method of measuring a
productivity gain as the amount of fuel going into each vehicle can be recorded and the hours
of usage are recorded as part of maintenance records.
A hypothesis of this research is that maintaining a diesel fleet using EBM improves
productivity by reducing diesel fuel consumption.

3.3

Methodology

3.3.1

Study context

This research study was conducted at Dendrobium and Metropolitan underground coal
mines. Both mines are located in the southern coalfields of NSW, Australia (Figure 3.1).
Dendrobium coal mine (Dendrobium) is one of two mines forming Illawarra Metallurgical Coal
(IMC) operated by South32 Limited (South32) and is located at Mt Kembla, 90 kilometres
south of Sydney. Metropolitan mine (Metropolitan) is located in Helensburgh, approximately
60 kilometres south of Sydney and is operated by Peabody Energy Inc (Peabody). Both
Dendrobium and Metropolitan produce high quality metallurgical coal used for steel making.
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Metropolitan coal mine

Dendrobium coal mine

Figure 3.1
maps)

Location of Metropolitan and Dendrobium coal mines (Source: Google

Both underground coal mines rely heavily on diesel fuelled vehicles for movement of workers
and equipment. As such, workers are exposed to the exhaust from these vehicles during their
time travelling into and out of the mine, and while they are underground working. They are
exposed to diesel emissions even if they are not working on or around diesel engines due to
the underground ventilation systems carrying contaminants through the air until it is
‘returned’ or removed from the mine.
3.3.2

Research design

The study utilised a quantitative experimental research design with one site being an
intervention site (Dendrobium) and one a control site (Metropolitan) to test the hypotheses
and achieve the aims and objectives. The aim of the research being to further investigate
engine maintenance as a workplace control to reduce exposure to diesel exhaust and to
determine if there was a productivity gain in the form of decreased fuel consumption.
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Dendrobium was the focus of training and education of the mechanical maintenance
personnel, management and workers on diesel exhaust exposure. Metropolitan was used as
a comparison.
In order to achieve objective one, i.e. to implement EBM on two main vehicle types, an EBM
programme was designed in conjunction with the mine site, taking into consideration
previous research (Davies 2004; McGinn 2000; Waytulonis 1985) with the mechanical
maintenance personnel regularly measuring emissions and maintaining engines. Continual
emissions improvements were made with the aim to maintain emissions statistically within
defined best practice criteria. The continual emissions improvement was implemented to
achieve objective two, specifically, to reduce diesel exhaust particulate and gas
concentrations emitted from the fleet as well as objective three and four, i.e. to reduce fuel
consumption and to reduce worker exposure to DPM through EBM. Objective five was to
investigate personal exposure to NO2 and how EBM effected it.
The primary outcomes or dependent variables for this study were changes in exhaust
emissions, changes in personal exposure and changes in fuel consumption. Secondary
outcomes included improved maintenance, targeted faults, and an awareness and
understanding of EBM by the diesel workers and how it affects a vehicle and in turn exposure
to personnel.
To measure the effectiveness and determine if the objectives were achieved, prior to any
intervention being conducted, defined baseline data and measures were collected at both
mine sites. The data collection included the measurement of diesel exhaust emissions from
the raw and treated exhaust of two types of diesel vehicles used underground (LHDs and
PTVs), fuel data collection and worker exposures to components of diesel exhaust, specifically
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DPM and NO2. The emissions measured consisted of both particulate and gaseous phases of
diesel exhaust both before and after any exhaust treatment devices. Information was
gathered on fuel consumption for the vehicles by recording how much fuel was consumed
per hour of vehicle usage. Worker exposure to DPM and NO2 was sampled to determine
variations and as changes were made to exhaust emissions through maintenance. At the time
of the research DPM had a generally accepted exposure guideline of 0.1 mg/m3 EC (AIOH
2017) and NO2 has become increasingly important due to adverse respiratory health effects
and the ACGIH lowering of the recommended threshold limit value from 3 ppm to 0.2 ppm as
a result of this (ACGIH 2012).
EBM implementation began at the intervention site following the baseline monitoring.
Midpoint and final measurements were then conducted at both sites for the same parameters
at similar time intervals. Interventions were not planned as part of the research study for the
control site.
3.3.3

Mine sites – intervention and control

Determining and securing sites for the research project presented several difficulties. Sites
throughout Queensland and NSW were considered, with a number of sites approached.
Initially, the research was to involve two intervention sites and one control site. Securing the
control site was most challenging as sites were not overly keen to have monitoring conducted
at their site, with no interventions or improvements throughout the project. The control site
was initially planned to be at a mine 265 km north west of Sydney. However, a change in
management resulted in a change in focus, and the research was not able to be conducted at
the time. Discussions with other mines, although initially promising were not able to
accommodate the research. A fortuitous meeting through the NSW Standing Dust Committee
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in March 2017 saw Metropolitan mine excited and willing to participate in the project as the
control site.
The management at Illawarra Metallurgical Coal, South32 (Illawarra Coal), proactively offered
their mines as the intervention sites. Unfortunately, only one of these mines, Dendrobium,
was ultimately able to be involved in the research as the Appin mine had operational issues
and was unable to commit to extra activities. Thus, the final sites were two underground coal
mines in the Illawarra.
3.3.4

Vehicles

Mine sites use numerous types of diesel vehicles for their day-to-day operation. Two types of
vehicles required are personnel transportation vehicles (PTV) and load-haul-dump (LHD)
vehicles. These generally make up the majority of a fleet. Other equipment can include
graders, bobcats and forklifts. Some specialty vehicles are brought in for short periods of time,
such as underground shield haulers, capable of hauling larger longwall equipment. These have
a hydrostatic drive and are on site for 6-8 weeks a year. This research focused on the PTVs
and the LHDs at the sites, as there were enough of these vehicles on each site to collect
adequate data to enable statistical comparisons and they remain on site and operating 24 hrs
a day 365 days a year. The PTV used at both Metropolitan and Dendrobium mine are the SMV
(Specialized Mining Vehicle) type (Figure 3.2). At the time of the project there were eight (8)
at Metropolitan and fifteen (15) at Dendrobium (this number fluctuated slightly as old
vehicles were retired and new vehicles introduced).
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Figure 3.2

Personnel Transportation Vehicle (PTV)

The LHDs used on the sites were different between the sites with seven (7) Eimco type
vehicles used at Metropolitan (Figure 3.3) and ten (10) Coaltrams type vehicles at the
Dendrobium (Figure 3.4), however both types of vehicles perform the same basic function.
The Eimco LHD employs a pre-2007 designed mechanically controlled engine, while the
Coaltram employs a post-2007 electronically controlled engine based on a ‘common rail’ fuel
management system. Electronically controlled engines have an electronic control unit (ECU)
which contains, collects and processes signals from on-board sensors to manage the key
engine parameters such as fuel pressure, turbo boost and timing etc.

Figure 3.3

Eimco - Load Haul Dump (Image: B Davies with permission)
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Figure 3.4

Coaltram - Load Haul Dump

Raw exhaust emissions from the chosen vehicle types were tested on a regular basis at
Dendrobium, generally being every 250 hours, or monthly, while testing was conducted
during three specific timeframes at Metropolitan. Testing was conducted using the same
methodology at both sites for gaseous emissions and diesel particulate matter in accordance
with MDG 29, Section 6.2.2 and 6.2.3. Additional parameters such as engine backpressure
were also collected. Chapter 4 provides the specific monitoring methodology and outcomes.
3.3.5

Fuel

Eromanga Underground Mining Fuel® (Eromanga) is diesel fuel produced at the Eromanga
Refinery, Eromanga, 1000 km west of Brisbane, Australia. It is a premium aliphatic based low
emission diesel fuel used in underground coal mining within Australia. Eromanga has been
used in the mining industry since the 1980’s due to its low aromatic content and particulate
output. The NSW Department of Environment and Energy provided exemptions to the
Australian Fuel Quality Standards Act 2000 to allow use of it underground (Australian Office
of Parliamentary Counsel 2016). This is an ongoing approval process, with the current
exemption valid until 31 December 2019 (Department of Environment and Energy (Aust)
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2016). The requirement to have an exemption is due to the fact that it exceeds the sulphur
content limits than is permitted in over-the-road diesel fuel.
In 2013 Queensland University of Technology (QUT) conducted studies on Eromanga and
three other commercially available diesel fuels to determine the difference in emissions
between each product. The testing included determining the CO2, CO, NOx, PM2.5, particle
number and particle size distributions between the fuels. The results showed that carbon
monoxide, carbon dioxide, nitrogen dioxide, nitric oxide and overall nitrogen oxides, and
numbers of particles were lowest with Eromanga, and this is particularly important as this
was most noticeable under full load, which is when most exhaust is emitted from an engine.
Both sites involved in this study use Eromanga fuel in their underground diesel fleet.
Determining the amount of fuel used at each site by individual engines was problematic,
essentially due to the lack of infrastructure to allow accurate data collection. The two mine
sites have no ability to track individual vehicle fuel use, either as an automatic process or
comprehensively as a manual process. However, as part of this research project methods
were determined and utilised to measure fuel consumption at the intervention site. The
control site was only able to provide limited fuel data at the beginning of the process, and this
data has not been included. Chapter 5 provides specific information on the methodology for
fuel consumption data collection and outcomes of fuel monitoring.
3.3.6

Personal monitoring

Personal monitoring is an accepted practice conducted by the occupational hygiene
profession to determine approximate contaminant exposure to workers during their work
shifts (Standards Australia 2009). The results from monitoring are used in a risk assessment
of a specific process, task or workplace by comparing these results to a recognised accepted
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exposure level (standards or guidelines). Required actions depend on the outcome of this
assessment.
Personal monitoring was undertaken for DPM and NO2 within select workgroups identified as
similar exposure groups (SEGs) at both the intervention and control sites on three separate
occasions. DPM was selected to be monitored as this is a common and accepted indicator of
exposure to diesel engine exhaust and it has a widely accepted exposure guideline. Currently
no statutory exposure standard exists within Australia nor many other countries. Nitrogen
dioxide was also selected as it is a known constituent of diesel exhaust, with respiratory health
effects. Across the globe there are significant differences in exposure standards and limited
information of exposure concentrations in underground coal mining in Australia was available
at the time of the research.
Ethics approval was sought from the University of Wollongong Ethics Approval Committee
prior to commencing field work. The approval was to allow personal exposure monitoring on
volunteers at the control and intervention site. This was granted and was renewed each
subsequent year until the research was complete (Ethics number HE16/325). Additional
information is found in Chapter 6.
The methodology and results of personal exposure monitoring are detailed in Chapter 6.

3.4

Initial preparation

3.4.1

Meeting with stakeholders

In May 2016, South32, Illawarra Coal, approached the researcher to learn more about the
proposed research and the possibility of their sites being involved. On 19 July 2016, a
presentation was provided to relevant stakeholders including the Health, Safety and

43

Environment Manager, the Mechanical Engineers in Charge and the Health Officer at Illawarra
Coal to outline the project and how their local sites may be involved. A letter of support was
signed on 19th August 2016 delineating their commitment to the project, expected inputs and
outputs. At that stage it was envisaged that both their local underground coal mines,
Dendrobium and Appin, would be involved as intervention sites. There were several
important elements agreed on prior to the research beginning. The researcher was to provide
both sites guidance and training in raw exhaust monitoring including determining exhaust
emissions target values. Personal sampling would be conducted and reported and South32
would receive updates on the progress of the research. The sites agreed to provide personnel
to be trained and undertake exhaust monitoring; provide time for additional maintenance to
occur where needed; provide fuel data and allow the opportunity for recruitment of
personnel into the personal monitoring programme.
In July 2017, the researcher attended a Standing Dust Committee Meeting at Metropolitan
mine site (Coal Services 2018). During this meeting it was determined that Metropolitan
would be a willing participant as a control site for the research. The Mine Manager had
recently joined the site, having previously worked at Dendrobium, so was familiar with the
research and its aims. During early August 2017 meetings were held at site with relevant
stakeholders including the Mechanical Engineer in Charge, site Electrical Engineer in Charge,
and Mechanical Engineer supervisors. All were supportive of the project, with the
understanding Metropolitan would participate in sampling only, with no intervention
provided.
3.4.2

Implementation of the study

The research consisted of three separate studies at two separate sites. Table 3.2 below
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summarises the monitoring dates for the project. Results of these monitoring studies are
detailed in Chapters 4, 5 and 6.
Table 3.2

Research studies, dates and locations
Locations and Dates of Data Collection

Studies

Personal monitoring
(DPM, NO2)

Fuel monitoring

Dendrobium
(Intervention)

Metropolitan
(Control)

April/May 2017

September 2017

Feb 2018

Feb 2018

June 2018

June 2018

June 2017

Ongoing - weekly

March/April 2018

-

June 2018

August 2017

Exhaust Monitoring

Ongoing monthly - April
2017 to June 2018

February 2018
May 2018

The intervention component of the project started after the initial April 2017 exhaust
monitoring at Dendrobium, and consisted of engine emissions data interpretation,
subsequent fault finding, engine maintenance, further exhaust sampling and engine
emissions data interpretation. This cyclic pattern continued until June 2018 for this research,
and at the time of writing was continuing at the site as part of their ongoing emissions
management plan.
During the process of monitoring the exhaust emissions, various specific interventions were
determined and introduced such as the management of the statutory three-monthly testing
data, introduction of a Trigger Action Response Plan (TARP), and a review of filter seals and
backpressure. In addition, advances in the diesel particulate measurement system, the
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efficiency of disposable diesel filters, portal sampling and scrubber tank material formation
and make-up were investigated. Further information on these specific interventions can be
found in Chapter 4.

3.5

Limitations

Initially two intervention sites were proposed to participate in the research study, however
due to other commitments and operational challenges within the business, only one
intervention site was able to proceed with the project. In addition, underground mining sites
have several types of diesel equipment operating within them. This project was restricted to
the two main types of diesel powered machinery to ensure the sample size was large enough
to conduct statistical analysis, therefore other machinery was operating within the
intervention site at the time of the project that was not subject to EBM.

3.6

Summary

The need for proactive maintenance dependent on individual emissions of diesel engines is
not a new concept. However, the lack of management support, discipline of the vehicle
owners and maintainers, and resources including equipment and knowledge can limit this
occurring. EBM can be successfully used to reduce the adverse emissions from diesel exhaust
(Bugarski et al. 2012; Davies & McGinn 2005; Forbush 2007; McGinn 2000), and logically,
exposure to workers. New generation engines are available for some mining sectors in
Australia; however, many older style engines will continue to be used for many years to come.
Therefore, controlling these emissions from existing engines is important under the duty of
care obligations and legislation. An additional benefit from EBM is a potential fuel saving.
Preliminary data has been reported (Forbush 2015) detailing a savings of 5-23% of fuel in
vehicles at high altitude that have been maintained with EBM. Information on the collection
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of this data appears to be limited and the work did not account for worker exposures. While
the entire fuel savings may not be realised at lower altitudes, it is likely significant fuel savings
will be made using EBM.
Monitoring and interpreting gaseous and particulate emissions from engines are used to
determine required maintenance. Engine data interpretation is outlined in Spears (1997),
McGinn (2000), and Davies (2004).
Nanoparticles are important in terms of exposure to workers and understanding how
nanoparticles are generated within engines is part of ongoing research (Showry 2015). There
are currently no Australian health-based guidelines as to the total number, or size fraction, or
numbers within size fractions of nanoparticles to guide the interpretation of results. At the
time of this research inception, sampling equipment was limited, and generally provided
limited data, although more comprehensive equipment became available towards the end of
the research. Given these restrictions, it was determined nanoparticles would not form part
of this research project.
Personal sampling using traditional recognised occupational hygiene methods was planned
to be undertaken before maintenance started, during the process and at the end of a
maintenance programme to determine changes in workplace exposure.
Fuel consumption was planned to be measured before, during and after a maintenance
programme to define any changes made to consumption from pre- to post-maintenance.
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CHAPTER 4 – COLLECTION OF DPM, NO2 AND CO EMISSION DATA
FROM VEHICLES AND THEIR RELATIONSHIP TO EMISSIONS BASED
MAINTENANCE
4.1

Introduction

The maintenance of diesel engines in mining equipment is important to ensure the vehicle is
available for duty when required and to minimise exposures of workers to exhaust emissions.
Although standard engine maintenance is commonly conducted as per warranty or statutory
requirements, more advanced proactive maintenance resulting in reduced emissions and
improved productivity is not regularly implemented. EBM is the disciplined implementation
of best practice maintenance. If EBM is to be successful, regular onsite emission tests must
be conducted and emission and engine data interpreted by site personnel to determine when
there is the need for maintenance. The required corrective action must then be undertaken
to complete the maintenance.
Important aspects of an EBM programme include engine loading, sample duration, frequency
of testing and correct analysis of data collected. To be useful in the work environment,
engines must have appropriate engine power output; at the same time there is a need to keep
the engine emissions as low as practicable to protect worker health. It is crucial that
mechanical maintenance personnel have appropriate diagnostic tools, conduct emission tests
in a repeatable manner and understand the relationship between the engine systems and
how these affect the constituents of diesel emissions.
This chapter presents a critical literature review of technology available for emissions testing
and EBM test methodology. It presents a review of the basic engine types in underground
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coal mining and the constituents found in diesel exhaust and how maintenance affects these
constituents. It also addresses the various diesel emissions testing protocols available to
underground coal mining. Following on from this, the methodology for engines emission
testing utlilsed within this research project is presented. The chapter concludes with the
findings of the EBM intervention programme on diesel engine exhaust emissions. This chapter
is based on the research designed to satisfy objective one of the research project; implement
EBM, and objective two; reduce emissions as a result of EBM. A further outcome was included
to determine the appropriate length of time between calibrating the gas equipment when
used in a coal mine workshop on a continuous basis to ensure repeatable and accurate testing
results.
During the research project, and particularly in relation to the implementation of EBM, several
discoveries and key ideas emerged. These ranged from improvements to monitoring
equipment, changes to data handling, simple but important maintenance practices, proactive
maintenance utilising mandatory collected data, and understanding DDEF mechanisms to
better inform the appropriate selection for reduced DPM emissions. These are all important
findings and have been included within this chapter, in the results and in ongoing data
collection and management sections.

4.2

Literature review of emissions testing

Determining which emissions to monitor and the story that emissions data can tell, has been
well researched (Bugarski et al. 2012; McGinn 2000; Spears 1997; Waytulonis 1987). The
findings have been fundamental in highlighting how exhaust emissions can be key indicators
of engine maintenance issues. Consistent and accurate data collection has improved over
time as more user friendly and reliable equipment has evolved. Each gas or DPM test or a
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combination of these two analyses tells a story of which component of the engine system is
possibly not operating to its full potential.
Requirements as to how, when and where to test emissions, the engine emission standards
that should be used and how data must be managed varies between the type of mining
operation and the State in which it is located within Australia. The research reported in this
project was undertaken in NSW where legislation refers to MDG 29 (NSW Department of
Primary Industries 2008) for testing emissions from diesel engines. MDG 29 or parts of it are
often referenced by mining regulators in other States or in stand-alone guidelines. For
example, Queensland coal and metalliferous mines refer to MDG 29 (Department of Natural
Resources and Mines (QLD) 2014), while WA have a separate guideline for non-coal sites
(Department of Mines and Petroleum (WA) 2013). MDG 29 also provides an overview of the
gaseous and particulate diesel emissions that have detrimental health effects and as such
should be measured with appropriate equipment.
4.2.1

Raw exhaust gas testing equipment

The key gases within diesel exhaust commonly consist of NO, NO2, O2, CO, CO2 plus small
amounts of volatile organic compounds (VOCs). Each of these gases either on their own or in
combination is an indicator of the health of the engine and must thus be measured.
Proven instrumentation and practices for the field measurement of raw exhaust gaseous
emissions have been available for many years (Bugarski et al. 2012; McGinn 2000; Spears
1997). There are several different measurement technologies available including nondispersive infrared spectroscopy (NDIR), Fourier Transform Infrared Spectroscopy (FTIR) and
electrochemical cell technology. Electrochemical cell analysers are less expensive and less
complex and are therefore more regularly used in portable emission analysers. An example
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of this are the ECOM gas analyser.
ECOM gas analysers have commonly been used to collect gaseous emissions data in the field
during EBM measurements (Davies & McGinn 2005; McGinn 2000; Spears 1997). Significant
research and validation have been conducted to confirm the ECOM gas analyser’s reliability
and accuracy as a field measurement tool with comparison to laboratory based equipment.
They are comparable to the more complex NDIR laboratory grade instruments which are not
suitable for EBM conducted by site personnel as they are generally bulky and require a trained
technician to operate them (Spears 1997). The US Environmental Protection Agency certified
the ECOM as adequate for field compliance determination through their Technology
Verification program (Kelly et al. 1999). There have been several iterations of the ECOM gas
analysers. At the time of this research, the ECOM EN2-F, which is a 4-cell gas analyser capable
of measuring CO, NO, NO2 and O2 was available. Internal equations calculate CO2 from the O2
concentration and NOx by adding NO and NO2 results. The EN2-F was replaced by the EN3-F
during 2018, providing updated functionality, but not changing the analysis mechanism
(ECOM 2015, 2018). Data from tests conducted on the ECOM can be stored directly into a
companion computer database, called DEEMS (Diesel Engine Emissions Maintenance System)
with readily available reporting tools and engine profiling capabilities (Flairbase 2011).
Having reviewed available equipment, the ECOM EN2-F gas analyser was selected for the
following reasons:
•

Proven track record in measuring gaseous emissions in mining equipment in Canada
and Australia

•

It is the only instrument that links to a software package to record the emissions for
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later interpretation
•

The ECOM EN2-F has been shown to be user-friendly, rugged and readily operated by
mine personnel

4.2.2

Raw exhaust particulate testing equipment

Measuring particulate within exhaust, specifically DPM, allows identification of the worst
DPM emitters in a fleet and evaluation of associated aftertreatment devices such as DDEF and
DPFs.
Having access to reliable, repeatable portable equipment to measure raw exhaust DPM has
historically been challenging, particularly for machinery that has a water bath exhaust
conditioner in place as the condensation and water droplets carried over into the exhaust
stream can provide false monitoring results. Measurement of raw exhaust has used
gravimetry, opacity, filter discoloration, laser light scattering, continuous mass or pressure
drop to directly determine DPM or a surrogate of DPM. There are and have been, various
devices available for direct tailpipe sampling of DPM that give an instantaneous or near
instantaneous result, although many portable raw exhaust devices have limitations when
analysing raw exhaust.
Original devices include the ECOM gas tester which in addition to testing gas has the ability
to take a ‘smoke test’ using opacity (Burtscher 2001). This device and method are still used in
some parts of Canada. The DustTrak model 8520 Aerosol monitor (Kenelec Scientific),
Personal DataRam pDR-1200 (Air Quality Technologies) and Haz-Dust EPAM 5000 (Air-Met
Scientific) are all ambient laser light scattering devices tested for applicability for raw exhaust
sampling. The Haz-Dust was determined not to be suitable for raw exhaust, while the
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DustTrak and DataRam were suitable for raw exhaust sampling when adding a dilution unit to
dilute the concentration of DPM and reduce the water concentration in the sample (Ellis et
al. 2004). The DustTrak was determined to be easier to use than the DataRam; however the
probe required further refinement (Ellis et al. 2004).
An early version of a back-pressure analyser worked well with modifications such as having a
pressure transducer built into the pump and installing an automatic timing stop. The modified
back-pressure analyser was referred to as the Dust Detective pump and operated by collecting
a sample onto a filter and determining the change in backpressure. This analyser was deemed
a useful screening device and although it did not have the accuracy of the modified laser light
scattering devices, it was more reliable and had better consistency across different engine
types. This was due to the precision and accuracy of the dilution required by the laser light
scattering device on different machines (Ellis et al. 2004).
The Dust Detective showed promise and was further improved by adding an annular aqueous
denuder to the measurement tube, allowing dry filter samples to be collected without adding
dilution air. These modifications changed the device from a Dust Detective to be specific for
DPM and was renamed a ‘Diesel Detective’ (Volkwein et al. 2008). However, the Diesel
Detective was never commercially produced as it was assumed the backpressure of each
individual filter was the same however there was a significant backpressure difference
between each filter paper used. Thus, the results were not correct, nor repeatable.
The Airtec laser light scattering device, manufactured by FLIR was tested for raw exhaust
sampling but was proven not to be suitable for this purpose and was later released for
ambient concentration measurement (Noll et al. 2013). In 2019 the FLIR Airtec was
subsequently removed from the market (Davies 2019, pers. comm., email, 27 June) and had
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been shown to be unreliable for short term sampling (Forder 2016).
A different backpressure device, called the Diesel ChekMate® entered the market in 2014
(Hines et al. 2014). The Diesel ChekMate® along with new generation laser light scattering
devices, the MAHA MPM-4M® (MAHA) and the AVT530® (TSI Incorporated) were evaluated
in an open forum comparative study (Hines & Davies 2015), specifically focusing on the
accuracy and repeatability of the result with respect to calibration. The overall outcome of
this forum was that when an appropriate sampling protocol is used and a calibration
adjustment was made to the MAHA result (Mason 2014) there was good correlation between
the ChekMate® and the MAHA-4M (Hines & Davies 2015). This was consistent with Mason
(2014) who also reported good correlation with two caveats. The first being the need to apply
a calibration factor to each MAHA result. Mason (2014) also investigated the possibility of
automatic adjustment of the MAHA result by the MAHA software at the time of measurement
however, this was not possible and thus needed applying to the result after the test was
complete. The second caveat was that the sampling protocol could not be consistently applied
as the MAHA was not supplied with a mixing chamber from which to collect the exhaust. Thus,
the MAHA was not deemed suitable for this research project. The AVT530 ceased production
in late 2015, and the MAHA-4M was replaced by a similar device called a dPM-RT (Pacific Data
Systems Australia).
At the time of the comparison testing, and with research and development work prior to this
research project, the workshop screening tool Diesel ChekMate® proved to be consistently
repeatable and reliable in using backpressure to determine the EC of the raw exhaust. It
improved on previous sampling devices with the sample collected in the same way for each
test, bringing consistency to the sampling methodology where this has previously been
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unavailable. A further key requirement of the selected DPM analyser is that the instrument
has to be usable by site personnel rather than require a trained technician. Site personnel
were involved during the development of the Diesel ChekMate® and thus it was known the
device was usable by site personnel. The Diesel ChekMate® was determined as the best
available device for the sampling of raw diesel exhaust as it is important that the device used
can provide reliable results across a variety of engines as there are generally several types of
engines on a site.
4.2.3

Basic engine types

In the Australian coal industry, both mechanically and electronically controlled engines are
available. Mechanically controlled diesel engines are older style engine technology; however,
they are still manufactured and there remains a significant number in operation. Newer style
engines are often electronically controlled diesel engines. However, some of the newer
engines are reverting to a mechanical system to comply with inherent electronic safety
requirements in underground coal mines. Within this research project, mechanically
controlled personnel-transport vehicles were studied and both mechanically and
electronically controlled LHDs were included. With respect to diesel emissions, mechanically
controlled engines can see a fast and significant decline in performance if an engine fault
occurs, whereas electronic engines can tolerate and compensate for faults over a longer
period. Regardless, a point is reached when the electronic control system can no longer
compensate, and high exhaust emissions eventuate. Thus, engine performance does not
noticeably deteriorate whilst emissions quality can deteriorate significantly resulting in high
emissions into the workplace without the operator being aware (Rubeli et al. 2005). This
creates a hazard to workers that is not necessarily noticed until emissions testing is completed
at the next round of statutory or warranty testing and maintenance, potentially increasing
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the exposures of workers over a longer period of time.
4.2.4

Common diesel exhaust constituents and their significance to maintenance

Diesel emissions are comprised of varying and complex gases and particulates. However, each
engine has its own acceptable signature of gases and particulates present at the time the
engine is new, and in line with OEM expectations. A spontaneous change in these
concentrations may indicate a developing or established maintenance issue, and the specific
exhaust constituent that changes indicates what may be occurring and where the engine
requires attention to bring it back to an acceptable condition. Table 4.1 shows the main gases
and some associated maintenance issues. Table 4.2 shows mechanically, and electronically
controlled engines and their maintenance issues as indicated from the gases and particulates.
Each engine fault has a corresponding specific response in gases and particulates. However,
the changes in constituents from baseline must be understood to know when a fault is
occurring.
Catalytic converters are in place on all electronically controlled engines and most
mechanically controlled engines. The catalytic converter is used to convert CO to water and
CO2. High levels of DPM in vehicles with catalytic converters can result in a coating of DPM on
the catalytic converter reducing its effectiveness. Therefore, it is important to regularly clean
catalytic converters to ensure the efficient conversion of CO resulting in less exposure to
workers.
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Table 4.1
Gases and particulates and their use as indicators of engine maintenance
requirements
Gas/Particle Significance

Maintenance Issue

Reference

CO

Indicator of air to fuel
ratio

Air Intake
Charge Air
Fuel Injection (Overfuelling/cracked injector)

(Spears 1997)

NO2

Usually low. NO can
convert to NO2 at high
temperatures

NO2 slip - NO2 generation
across catalytic converter or
catalyst washed disposable
exhaust filter

(Bugarski et al.
2012; Davies &
McGinn 2005)

NO

Relates to fuel injection
timing and air Intake
temperature

Smoke mode (newer
engines) Engine has reached
its smoke limit and works to
keep DPM low while NO
increases substantially.

(Spears 1997)

CO2 and O2

Proportional to engine
load at given speed.
Need consistent, high
(6% > 12%) CO2 to
compare tests

DPM

(NSW
Department of
Primary
Industries 2008;
Spears 1997)
Filter housing leaking
Blown DDEF
Hole in DDEF
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Table 4.2
Mechanically vs electronically controlled engine maintenance issue and gas
and particulate indicators
Mechanically controlled
engines (Rubeli et al. 2005;
Waytulonis 1985)

Electronically controlled
engines (Rubeli et al. 2005)

Intake restriction

Increases CO and DPM
reduces NOx

Increase in DPM, and some
increase in CO

Exhaust restriction

Decreases DPM
Increases NOx

Increase in DPM, and some
increase in CO

Retarding the timing

Increases CO
Decreases NOx

Decrease DPM, NOx

Advancing the timing

Increases CO, NOx and DPM

Increases DPM, NOx

Overfuelling

Increases DPM and CO
Reduces NOx

Increases DPM and CO
Reduced NOx

Low intercooler
temperatures

Increase CO and DPM,
decrease NO2

Increase NOx (significant)

Higher intercooler
temperatures

Increase in CO and DPM

Loss of turbo boost
pressure

1000% increase in both CO
and DPM
no real change to the rated
power, thus operators not
aware

ECU in smoke control
mode

Not applicable

Decreases DPM until major
release

Lastly, exhaust temperature can increase or decrease depending on the type of fault such as
a turbocharger or intercooler fault or fuel supply systems fault (Korczewski 2015). It is
therefore important to know the emissions signature (the normal range of limits for each of
these diesel emissions constituents) for each diesel engine type to be able to use them in
engine diagnostics.

62

4.2.5

Diesel emissions range of limits (“target values”)

Statutory limits for diesel exhaust emissions in mines are detailed in MDG 29 (NSW
Department of Primary Industries 2008) and reproduced in a modified format in Tables 4.3
and 4.4.
Regular testing and profiling of engines to determine if results are varying from their
individual baseline, or from calculated ‘target values’ is a method that can be used to
determine the range of limits for diesel emissions constituents. These can then be used to
guide emission reduction and maintain them as low as practical if the values are acted on in
a timely manner. This is important for both mechanically and electronically controlled
engines, although maintenance issues can be masked for longer in electronically controlled
engines (Rubeli et al. 2005). It is important that the testing is repeatable, and measures both
the manifold and the tailpipe to ensure aftertreatment devices are not masking maintenance
issues. If using target values, these need to be below the statutory limits for the sites to
remain compliant. However, engines should be able to be kept lower than this when
comparing a fleet.
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Table 4.3
Type testing and In-service raw gas limits for engines operating in
underground coal mines, modified from MDG 29 Table 3, Page 29 (NSW Department of
Primary Industries 2008)
Description

CO (ppm)

NO (ppm)

NO2 (ppm)

NOx (ppm)

1

Type testing of new
engines for
underground coal
mines without
methane injection

1,100
(0.11%)

900
(0.09%)

100
(0.01%)

-

2

In-service engines in
underground coal
mines

1,100

-

100

750
(0.075%)

Table 4.4
Recommended maximum baseline variances (MDG 29 Table 4 pg 29) (NSW
Department of Primary Industries 2008)
Recommended Maximum
Variance (%)

Baseline Test Results

CO and NOX are less than 500 ppm

25% but not less than 75 ppm

CO or NOX is greater than 500 ppm

15%

Diesel particulate (cleaner engines – Tier II or
better)

30%

Diesel particulate (dirtier engines - below Tier II)

15%

Note: ‘cleaner’ engines are engines that meet or exceed US EPA Tier II or European EPA
Stage 2 emission standards while ‘dirtier’ engines do not meet these standards
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4.2.6

Workplace diesel emissions testing protocols

Statutory requirement for the testing of diesel exhaust emissions in mines is detailed in MDG
29 (NSW Department of Primary Industries 2008). The assumption behind the testing is that
vehicles are monitored and maintained to within specified levels (Section 4.2.5), and thus
minimise diesel exhaust pollutants to as low as reasonably practical, emitting the least
amount of polluted exhaust into the atmosphere. The different testing protocols are
described below.
4.2.6.1 Type testing
All engines for underground use must be type tested (First level of testing) and results
provided by the OEM with the engine. An exception to this is if the engine complies with the
US EPA Tier II or European EPA Stage 2 emission standards or greater and associated clarifying
conditions are met as per Section 5.2.4 of MDG 29 (NSW Department of Primary Industries
2008). Type testing is completed on a dynamometer by an appropriate licensed laboratory,
and specific levels of gaseous and diesel particulate emissions must be met for the vehicle to
be approved as per Table 4.3 row 1 in Section 4.2.5 above.
4.2.6.2 Baseline testing
The second level of testing is baseline testing for all engines that are ‘As New’. ‘As New’ is
defined in MDG 29 as any brand new or reconditioned engine (NSW Department of Primary
Industries 2008). A licensed laboratory using specified equipment measures the exhaust and
provides a report on NOx, CO2, CO and DPM concentrations. The report must be provided
before an item registration number is issued by the NSW Resources Regulator. All engines
must have an item registration number before they can be used underground. Maximum
levels for baseline testing are provided in Table 4.3, Row 1, which is the same as type testing.
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In addition, CO2 concentrations “shall not differ by more than 8% obtained during type
testing” (NSW Department of Primary Industries 2008). If the engine is not within these
maximum levels, then the engine must be maintained so that it is returned to the baseline
condition.
4.2.6.3 In-service testing
The third level of testing is for In-service diesel engines and is carried out by a licensed
laboratory before the engine can be used underground. These test results are compared to
the maximum limits provided in Table 4.3, Row 2 as well as the individual baseline limit for
the engine in conjunction with Table 4.4 recommended maximum variances.
If an engine exceeds the values in Table 4.4 then the engine must be fixed at the next
maintenance opportunity and brought back to baseline. If test results exceed Row 2 of Table
4.3, the vehicle must be withdrawn from underground service and fixed to be within baseline
limits before further use.
4.2.6.4 Exhaust emissions testing
A fourth level of testing occurs in various timeframes and formats depending on how the site
chooses to comply with MDG 29 Section 5.4.2.
The site can choose for this testing to occur either;
•

Each month AND six months, or

•

Every three months.

The sites used within this research project conduct their testing every 3 months, which
involves a licensed laboratory undertaking undiluted raw exhaust monitoring of each diesel
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engine on site. The difference between the two sites is that Metropolitan has their exhaust
emissions collected underground using bag sampling for the gases, allowing analysis later
when the samples are returned to the surface, while Dendrobium has real-time monitoring
conducted by the same licensed laboratory in the surface workshop. This difference is due to
the vehicles being serviced underground at Metropolitan as they cannot be driven out of the
mine, and serviced on the surface at Dendrobium, where vehicles can be driven out of the
mine portal.
The results are compared to Table 4.3 (Row 2) and Table 4.4, including the DPM for cleaner
engines. If the emissions are above the maximum levels in Table 4.3 the vehicle immediately
‘fails’ and must not be used until it has been fixed to within allowable levels; if the machine
exceeds the allowable variance in Table 4.4, then it is reported as ‘exceeds’ and must be
“checked at the next maintenance opportunity and brought back to baseline condition”.
Specific reporting and record keeping follows all levels of testing.
4.2.6.5 Workplace atmospheric monitoring
The fifth level of testing is weekly mine atmospheric testing conducted by the mine site (if
they are not using a diesel test station) where each engine is driven to a portion of roadway
and the emissions are tested in a specific location using defined equipment with a minimum
of prescribed ventilation flowing in the direction of the exhaust. This process is detailed more
fully in Section 4.7.2.

4.3

Methodology - Overview

4.3.1

EBM test procedures and sampling method

The method for taking a gas and particulate sample in the raw exhaust of an engine in a
consistent and repeatable manner has been part of NSW MDG 29 since 2008 (NSW
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Department of Primary Industries 2008). Dendrobium and Metropolitan mines are familiar
with this process due to the requirement for statutory sampling on a 3-6 monthly basis by a
licensed laboratory, described in Part 9 of the Mines Regulation (Work Health and Safety
(Mines and Petroleum) Regulation 2014 (NSW)). The methods in MDG 29 are essentially for
raw exhaust monitoring, before any aftertreatment; that is, at the engine manifold. The
sampling methodology outlined in this chapter utilises quantities of exhaust both before and
after aftertreatment devices. The method for taking raw diesel particulate emissions is
described in Section 6.3.2 of MDG 29 (2008).
MDG 29 (2008) describes a ‘Standard method’ for diesel engines that can be held in the load
condition for 20 seconds and an ‘Alternative method’ for those that cannot be held under
load for 20 seconds. The EBM sampling protocol used in this research was based on the
Standard method (Section 6.3.2.1) as all vehicles sampled were able to be loaded for 20
seconds. The following steps summarises the diesel particulates testing procedure conducted
in accordance with MDG 29, along with explanations for any variations from MDG 29:
1.

Testing equipment of the exhaust must comply with the requirements in Section 8.2
of MDG 29. The equipment used in this research is described in detail in Section 4.3.2
below. There are three diesel particulate instruments or methods listed in Section
8.2.2 of MDG 29. The first two devices listed, the Air Quality Technologies Diesel
Particulate Monitoring System Model LLSP-M-03 series instruments (AQT) and the
Rupprecht & Patashnick Co Inc Series 5100 Elemental carbon analyser (R&P) are no
longer available for use. The AQT was withdrawn from sale in 2016, and the R&P was
retired in 2009 having also been discontinued. The collection of diesel particulate
matter on a quartz filter and subsequent analysis by NIOSH 5040 is still available.
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However, care must be taken with analysis, as this method was not designed for the
heavy particulate load of raw exhaust monitoring; rather it was designed for lighter
ambient monitoring (Birch 2003; NIOSH 2016). Section 4.4.7 details how the NIOSH
5040 can be utilised for raw exhaust sampling. The ChekMate® Diesel Analyser is not
listed in MDG 29 as it was developed in 2014, well after the publication of MDG 29.
However it has been calibrated using the oxygen cut in NIOSH 5040 as described in
Section 4.4.7 below.
2.

A competent person must undertake the exhaust sampling. All personnel that
conducted sampling for the research were trained by the researcher or the samples
were taken by the researcher. Training involved how and where to take the samples,
information on what made a valid sample, and whether a further sample was
required. It is important that those carrying out testing understood the limitations
and pitfalls, and these were covered in the training.

3.

Sampling is taken with the diesel engine at normal operating temperature. The
temperature of the engine oil was checked with a Fluke Heat gun 566 Infrared
Thermometer prior to sampling to ensure that the oil was over 70 oC. It is important
that the engine is at normal operating temperature as the gases and particulates
change as the temperature of the engine increases or decreases. Cold engines are
particularly dirty, and the sample of the baseline data and registration data is taken
on a warm engine.

4.

The vehicle must be made safe and not be able to move. The exhaust is tested while
the engine is operational and under load conditions and thus there is a risk of
movement. The vehicles were made safe by chocking the wheels and applying the
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brakes during testing.
5.

Vehicles were placed in third gear to ensure there was enough load on the engine to
collect a sample.

6.

The engine is run at idle speed before the sample is collected to keep the engine
warm and so it is prepared for the testing sequence.

7.

Statutory sampling requires a sample to be collected in undiluted raw exhaust before
particulate treatment. The research project also required a sample to be taken after
the exhaust had been treated post the DDEF. The sampling for both gases and
particulates was taken at the statutory sampling point on the engine manifold for the
manifold sample, and after the filter for the tailpipe sample. The exhaust is forced
into the mixing unit, where it is cooled and mixed to allow a representative sample
to be collected.

8.

Testing is carried out over 60 seconds. This time allows a sample to be taken initially
on idle for 20 seconds, then 20 seconds with full throttle in third gear (load) and then
20 seconds decay to idle when the throttle has been released (Figure 4.1). This
ensures that the turbo boost has the opportunity to increase and allows the engine
to both rise and fall. The sample was collected over exactly 60 seconds as the timer
on the sampling unit counts down from 60 seconds and automatically turns the
pump off.
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Figure 4.1
Diesel particulate load cycle – standard method (NSW Department of
Primary Industries 2008)
The method for taking an exhaust gas sample is described in Section 6.2.1 of MDG 29 (2008)
and the EBM sampling protocol for this research was based on this methodology. The
following steps summarises the raw diesel gaseous emissions testing procedure conducted in
accordance with MDG 29, along with explanations for any variations from MDG 29:
1. Testing equipment for the gaseous emissions exhaust was conducted using the ECOM
EN2-F gas analyser (ECOM), a proven calibrated equipment discussed above in Section
4.2.1. The sampling equipment used was a direct sampling technique, allowing
instantaneous results to be obtained.
2. All sampling was conducted with the diesel engine at normal operating temperature.
The temperature of the engine oil was checked with a heat gun prior to sampling to
ensure that the oil was over 70oC. It is important that the engine is at normal operating
temperature as the gases and particulates change as the temperature of the engine
increases or decreases. Baseline and registration data are taken on a warm engine,
and thus this ensures consistency.
3. The engine was loaded as per the particulate sample methodology under maximum
power output, with the main difference being the length of time the engine was
loaded. During gas sample collection the engine was loaded between 30 and 60
seconds depending on the machine type.
71

4. The sample was valid if the CO2 result was more than 6% and less than 12%. A
minimum CO2 value of 6% and a maximum CO2 value of 12% ensures maximum fuel
input to the diesel engine, ensuring issues with fuel and timing can be detected. If the
sample was outside these percentages, the sample was rejected and redone as the
engine was deemed either insufficiently loaded or over loaded.
5. CO, CO2, NOx, NO and NO2 were recorded using the ECOM gas analyser discussed
below in Section 4.3.2.3.
4.3.2

Equipment used for raw exhaust sampling

The following equipment was used to collect the raw exhaust samples at both the
intervention and control sites.
4.3.2.1 Mixing unit
A mixing unit developed by ERP Engineering and Dr Brian Davies was designed to ensure that
it suitably cooled and mixed raw exhaust allowing either a gaseous or particulate sample to
be collected in a consistent and reproducible manner (Figure 4.2).

Figure 4.2

ERP mixing and cooling unit for sample collection
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The mixing unit was created to reduce sampling errors when sampling directly from the
manifold or the tailpipe, in addition to cooling the exhaust to allow a sample to be collected
on a filter paper (Davies 2013; Hines et al. 2014). It reduces sampling errors by removing
variability of how far a probe is inserted into the exhaust (Davies 2013) and at what location
the sample is taken in the tailpipe. Work by Jeanot Tourneur (2015, email, 6 April)
demonstrated how the velocity on a tailpipe changes across its diameter, and thus how the
exhaust differs across the tailpipe (Figure 4.3). This variation in exhaust mandates a sample
be collected and mixed prior to sampling if the result is to be consistent and reliable. The
mixing unit allows a consistently reliable sample to be collected for each test.

Figure 4.3
April)

Exhaust velocity variations within an exhaust (Tourneur J 2015, email, 6

4.3.2.2 Diesel ChekMate®
The Diesel ChekMate Mark II (SN: CM-2-001) was used to collect the raw exhaust and tailpipe
diesel particulate samples as a measure of elemental carbon at Metropolitan (Figure 4.4).

73

Figure 4.4

Diesel ChekMate® Mark II, diesel particulate matter (as EC) analyser

South32 purchased two Diesel ChekMate® Mark II (Serial number CM-2-002 and CM-3-002)
devices, and all sampling at Dendrobium was done using one of these machines.
The Diesel ChekMate® requires annual calibration and servicing, and regular maintenance of
prefilters. Each of these three units was used in a calibrated condition for the duration of
testing. Appendix 1 provides the calibration certificates. General servicing was done by either
the researcher prior to testing, or by the diesel maintenance team at Dendrobium.
The following section details changes that were made during the course of the research study
to the Diesel ChekMate® system due to issues encountered during monitoring.
4.3.2.2.1

Diesel ChekMate® upgrade, mixing unit and moisture

As detailed in Section 4.2.2, the Diesel ChekMate® was introduced to the market in 2014, and
was demonstrated to be a consistently reliable device for measuring diesel particulate matter
from the raw exhaust of diesel engines when compared to other machines and when tested
on in-service diesel equipment (Hines et al. 2014; Hines & Davies 2015). Further information
on the Diesel ChekMate® is detailed in Section 4.2.2.
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The Diesel ChekMate® was designed to be a simple low-cost screening workshop tool for the
collection of diesel particulate matter. The mechanical maintenance personnel at
Dendrobium used the Diesel ChekMate® Mark II extensively during the research project and
were instrumental in a significant upgrade. They provided advice and recommendations on
aspects that would make it even easier to use on site and reduce potential errors. The
manufacturers, ERP Engineering, used this information to improve the sampling and analysis
system.
Over the course of the onsite monitoring, during on-going frequent use of the Diesel
ChekMate® raw exhaust sampling system and sampling in different environments, with
different engines, in different weather conditions, with different operators, some problems
with measurements arose. Each of the elements of the system including the Diesel
ChekMate®, the filters used in the ChekMate® and the mixing unit, were upgraded over the
time this research was conducted continually improving the device. In addition, a water trap
was added to remove excess moisture. The following sections outline how these components
were changed, upgraded or added. Each change was rigorously tested both by the researcher
and by site personnel, and both on a test-rig and onsite using in-service testing.
4.3.2.2.2

Mixing unit

Each of the engines used in underground coal mining must be loaded to at least 6% CO2 to
collect a valid sample of diesel exhaust as per MDG 29 and Section 4.3.3 (NSW Department of
Primary Industries 2008). Ongoing issues with collecting a reliable tailpipe sample were
noticed at Dendrobium. Manifold samples were not problematic as there is significantly more
pressure forcing the exhaust into the mixing unit from the manifold. On the tailpipe, some
machines readily reached 6% CO2 while others took several attempts and at times did not
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achieve the required percentage of CO2. Halfway through the data collection component of
this project, it was identified that there was excessive restriction on the exhaust flow entering
the mixing unit resulting in the static pressure being too great thus restricting the exhaust in
some situations entering the mixing unit. Consequently, the mixing unit was modified with
the copper cooling coil, the flexible hose and the connection between the two increased in
diameter (from a 7/16 Joint Industry Council (JIC) to a 9/16 JIC) resulting in a greater volume
of exhaust entering the mixing unit in a more timely manner.
The outcome of this change was three-fold;
1. Testing showed this allowed exhaust into the mixing unit from the tailpipe sample far
more quickly, and 6% CO2 was reached readily within the first 30 seconds of sampling.
2. There were significantly less times that an engine failed a CO2 test and required a retest
3. There was therefore less loading and resultant heating up the engine block, which is better
for engine reliability and longevity.
Initially connectors were provided to Dendrobium to use on the tailpipe exhaust of the LHDs
to allow the exhaust to enter the pipework leading into the mixing unit. These 3/8-inch
connector pieces were specially drilled out to reduce the restriction at this point. However, it
was determined after trialling both the normal and the drilled-out pieces that it was not
necessary to use the drilled-out pieces, which was a better outcome as the site is then not
required to have additional, specialised inventory in stock.
4.3.2.2.3

Water trap

Following the upgrade of the mixing unit to a larger diameter hose and fittings, there was a

76

new problem with the sample collection filters blowing or breaking during sampling was
experienced. This was initially thought to be due to backpressure and restrictions. However,
over time it was shown not to be the case. Rather, it appeared that the mixing unit now
retained more water between it and the sampling lines, and although the design of the mixing
unit allows water to drop out, a higher proportion of moisture was staying in the sampling
lines and working its way onto the filter paper. Several tell-tale indications to this were blown
filters that were still clean when viewed; a grey, damp spot around the filter that ‘bled’ outside
the filter sampling area as well as the ChekMate® taking a long time (15-25 seconds) to settle
on the backpressure – either initial or final, instead of settling within 3 to 6 seconds. The
problem appeared to get worse over time, and was particularly evident in winter, when the
moisture was exacerbated due to cold weather.
ERP Engineering developed a water trap to be inserted prior to the mixing unit Figure 4.5 and
Figure 4.6. Verification sampling was conducted on the test rig at ERP and was shown to drop
out water and make no change to particulate or gas results. A trial was conducted at
Dendrobium towards the end of the research project on both a Coaltram and a PTV to
determine if the water trap placed before the mixing unit altered the results in any way. The
tests were successful in that there was no change to results and the filters were not blowing.
The water trap was subsequently implemented, and the workers were trained in its use and
emptying of the water trap after each use.

77

Figure 4.5
vehicle

Taking a sample from a mixing unit, water trap in line, connected to a

Figure 4.6

A water trap

However, after several weeks, there were further reports of sample filters blowing during
testing, as more and varied engines underwent their normal EBM testing. Following an
investigation, it was determined that the ball valve at the bottom of the mixing unit could be
left fully open rather than adjusting it at each test to ensure enough exhaust was retained
within the mixing unit to collect a sample. With the increased volume of exhaust there was
enough exhaust going through the unit to collect the required EBM samples without this
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restriction. Further work around the sample filters was clearly required as they appeared to
be too friable for this use. Details on the selection of a new sample collection filter for the
ChekMate® is presented in Section 4.9.2.
4.3.2.3 ECOM EN2-F Gas Analyser
The ECOM EN2-F (Serial Number: 4557 OCNX) was used to sample the raw exhaust and
tailpipe gaseous emissions at Metropolitan. South32 purchased two ECOM EN2-F (Serial
number 7052 OCNX and 5889 OCNX) devices, and all sampling at Dendrobium was done using
one of these machines (Figure 4.7).

Figure 4.7

ECOM EN2-F gas analyser

The ECOM EN2-F requires annual calibration and servicing, regular interval gas calibrations
and regular maintenance of prefilters. Each of these three units was used in a calibrated
condition for the duration of testing. Appendix 2 provides the annual calibration certificates.
Gas calibrations were done by the researcher on a 1-6 weekly basis to determine the
regularity required to ensure acceptable drift between calibrations. General servicing was
done by either the researcher prior to testing, or by the diesel maintenance team at
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Dendrobium. General servicing involved changing the water trap and inline filter. The water
trap filter requires replacing every 4-8 tests, and the inline filter requires changing every 8-16
tests, depending on the amount of particulate in the exhaust. The need to change the filter is
determined by a visual assessment. Data from the ECOM was saved to computer for later
analysis.
4.3.2.3.1.

ECOM sensor calibration

The ECOM sensors are calibrated with fresh air each time the ECOM is turned on. On an
annual basis, or if there are errors, the ECOM is serviced and calibrated by the manufacturer
or an authorised service centre. However, for best practice the ECOM should be calibrated
with calibration gases at more regular intervals. At the time of the project, it was not defined
if this should be for each use, weekly, or if monthly or longer would be appropriate. However
for some gas analysers, drift from the correct settings can occur in less than a month (Chilton
& Carpenter 1992). To determine calibration intervals for future use, calibration was initially
conducted weekly, and then extended out to monthly to determine if there was a significant
difference in the response of the sensors between these two lengths of time. Calibration
involved using calibration gases of known concentrations from a certified gas bottle and
adjusting the ECOMs readings to within allowable variations (Section 4.5.1 presents the
results for this testing).
4.3.2.4 DEEMS software
DEEMS Software manages data from the ECOM (Flairbase 2011). It has been designed to
integrate diagnostic and condition-based maintenance tools to help manage engine emissions
and performance. When undertaking a test for gases, information such as the individual
engine identifier, and location of the sample is selected in the software, which results in data
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being stored with the correct engine. In addition to allowing comparison between test results
and target values, it also permits engine or fleet profiling across individual gases, varying times
and other investigations. The result for DPM can also be entered manually into the database
at the beginning of a test, ensuring all data is stored together for each test on each engine.
4.3.3

Loading an engine

When taking gas samples, the CO2 is used to ensure an adequate load has been attained
allowing comparison between tests. A CO2 result of 6 - 12% under load is a statutory
requirement for an acceptable test in NSW (NSW Department of Primary Industries 2008).
An engine must be loaded in a repeatable manner to gain accurate and reliable information
from the gases and particulate. The speed of an engine affects exhaust emissions due to
changes in fuel-air mixing, temperature of the combustion chamber and fuel spray
characteristics, and therefore, must also be replicated to allow comparison of data. Engine
load affects the fuel-air ratio which affects emissions. Operating engines at a low load results
in significant quantities of the exhaust air being excess and not contributing to the combustion
process. It has also been demonstrated that engine faults may not be detected if the engine
is not operated at sufficiently high fuel-air ratios (Chan et al. 1992). This is due to the excess
air preventing faults such as intake restrictions from triggering a change in emission because
the air provides a surplus of oxygen that at higher loads would not be available for
combustion. Additionally, if maximum fuel settings are not properly adjusted this can only be
detected at maximum or near full load. Spears (1997) recommends emission tests be
conducted at greater than 95% full load. Higher concentrations of gases are present at low
loads (Gueneron 2012).
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MDG 29 (NSW Department of Primary Industries 2008) uses the torque converter stall to load
an engine to test for CO, NOx and CO2 under full load conditions. Full load is determined by
monitoring the engine speed to ensure a decrease of 200 to 300 rpm from an engine’s high
idling speed. Vehicles with a torque converter can be loaded against their drive system to get
a repeatable load on the engine allowing representative emissions samples to be collected
(Spears 1997). They are loaded along the engines lug curve (power vs. speed to give maximum
power) at a repeatable speed at its maximum fuel rate (Figure 4.8). During this process, the
engine power is dissipated through a pump to the hydraulic fluid in the form of heat, rather
than driving, lifting or otherwise using power (Spears 1997). This creates emissions similar to
what the engine would create when it is operating at maximum power in the field. Care must
be taken to ensure overheating does not occur and damage the system.

Figure 4.8

Engine lug curve with full-load operating points (Spears 1997)

MDG 29 states that engine manufactures must provide a method for loading the engine to
maximum load (indicated by 6-12% CO2) for a gas test to be carried out and if they do not,
then the ‘Alternative Method’ is to be used, which is a series of quick accelerations. Full load,
with a measured reduction of 200-300 rpm from maximum rpm (approximately 10%
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reduction in rpm) was used for testing of the gases during the research.
4.3.4

Sample duration

Sample duration for the diesel particulate sampling is fixed as per MDG 29 (NSW Department
of Primary Industries 2008). The test conducted for this research used the Standard Method
and conducted over 60 seconds which includes 20 seconds idle, 20 seconds full load and 20
seconds decay to idle as outlined in MDG 29 (Section 6.3.2.1) and above in Section 4.3.1.
The duration and sampling protocol for gases is not as specific and is left with the engine
manufacturer to determine how long the engine can be under load to allow a sample to be
taken. This makes a difference to the gas result, particularly as gases are not uniform when
they are emitted. NO and CO emissions differ over the sampling duration. NO steadily
increases, with close to steady state reached by approximately 30 seconds, and CO rapidly
increases and then decreases to become more steady state. Depending on which gas testing
equipment is used, it can take 10 seconds for the instrument to begin to record values. This
is dependent on several factors including the length of sampling hose, the sampling pump
instrument capacity and the power of the engine. Disregarding the first 30 seconds of exhaust
is recommended and collecting a gas sample for the next 60 seconds and averaging this data
gives an excellent, repeatable indication of concentration of gas in the exhaust (Figure 4.9)
(Rubeli et al. 2005). If the sample is collected through a mixing unit it is also possible to use
the dwell time in the sampling lines and unit to collect the final 10 seconds of sample, thus
allowing the load to be taken off the engine while still sampling representative gases (Figure
4.9). Some engine manufacturers do not allow this length of time under load, and therefore
a range of 30 seconds warm-up, (where the engine is underload, but sampling is not
occurring), with a 30-second to one-minute sample is the aim. The length of time of sampling
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is dependent on OEM recommendation, reaching an average of 6% CO2 over the time of
sampling and ensuring the engine and/or transmission does not overheat.

Delay until instrument
picks up measurement
values

30 – 90s samples stored
and calculated

30s wait until values
recorded

10 s dwell
time can
be used
in sample
collection

Figure 4.9

Exhaust gaseous emissions over time (Adapted from (Rubeli et al. 2005)

Variations of sampling time used for gas sampling within the research are tabulated below
(Table 4.5). The duration in the sampling was shortened at Dendrobium as 6% CO2 was readily
achieved, and the engines were showing signs of overheating with 60 seconds duration. This
was particularly evident if 6% CO2 was not reached on the first sample and the sample had to
be taken twice.
Table 4.5

Gas sample test duration
Duration warm-up
(sec)

Duration sample
(sec)

PTV

20

30

LHD

30

60

PTV

20

30

LHD

30

30

Metropolitan

Dendrobium
PTV – Personnel Transportation Vehicle, LHD – Load Haul Dump vehicle
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4.3.5

Exhaust temperature

Emissions testing must be done when the engine temperature stabilises and is at normal
operating temperature. Very different results occur from the beginning of the manifold to the
end of the exhaust, particularly if there is a water-based flame trap in line. Normal operating
temperature is achieved when the engine oil is above 70oC. It is good practice to use an
infrared temperature thermometer on the oil filter itself to determine the heat of the engine
oil and thus engine operating temperature. A Fluke Heat gun 566 IR Thermometer was used
at both Dendrobium and Metropolitan to ensure engines were up to the required
temperature prior to sampling.
4.3.6

Frequency of testing

Frequently operated, high workload diesel engines should have their engine exhaust sampled
on a regular basis to ensure they are operating effectively. OEM’s recommend heavily utilised
mining vehicles be serviced after 250 hours of use or monthly whichever occurs first (CAT
2015). Emissions sampling should occur at this service time to determine the health of the
engine prior to it going back into service. For those engines not fitted with an hour meter the
sampling should be conducted monthly. Engines that require maintenance outside these
times on the engine and / or exhaust system should also have testing completed to record
the effectiveness of maintenance.
At Dendrobium, exhaust sampling was conducted every 250 hours of vehicle use. This
generally equated to once per month and sampling was conducted one week after the 250
hour service. Sampling was not done on the day of the 250 hour service due to time
constraints on that shift to have the vehicle ready for the next shift. Therefore, the next, most
repeatable time frame to sample was the following week on the same shift.
85

Engine sampling was conducted at Metropolitan on three occasions, not considering prior
weekly or monthly services, although new DDEFs were installed before each sample. The
control site monitoring generally took two days to collect the data from each of the required
and / or available vehicles. Table 3.2 (Section 3.4.2) provides dates of sampling for the
research project.
4.3.7

Target values

It is not valid to compare test results from one engine model with another due to variances
with engine components and engine wear. Engine components such as turbochargers, fuel
injection systems and after-coolers affect the baseline emissions of an engine, therefore these
individual design characteristics determine the emission outputs and thus it is only valid to
compare engines of the same type fitted with the same components.
All new diesel engines that have been manufactured for the underground environment must
be type tested to ensure that gaseous and particulate emissions meet specified levels as
defined above in Section 4.2.6 (NSW Department of Primary Industries 2008). Type testing
can be done by the manufacturer or a licensed laboratory. Laboratories are licensed by the
Department of Primary Industries (or equivalent) for sampling and analysis of engine exhaust
(NSW Department of Primary Industries 2008). Following on from type testing, baseline
testing is usually conducted after the engine has been delivered to site and any further
modifications completed.
Each ‘as new’ diesel engine (i.e. engine that is brand new or an engine that has been
reconditioned (NSW Department of Primary Industries 2008) must have baseline emission
testing conducted by a licensed laboratory using appropriate equipment as outlined in MDG
29 Section 5.3 before it can be used on site (NSW Department of Primary Industries 2008).
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This was not always the case and Spears (1997) determined that the mine operator must work
these values out themselves using an EBM (referred to as Emission-Assisted Maintenance
Program – EAMP) on new or recently rebuilt equipment. Spears (1997) recommended that
baseline data can be established for a ‘family’ of engine models. For instance, Caterpillar 3304
and 3306 engines are similar, and their emission concentrations should be similar if their
maximum fuel rate per cylinder is similar. Another option that Spears (1997) suggests is that
the engine manufacturer could collect CO and CO2 data at various loads and plot a lug (power
vs. speed to give maximum power) curve or they could perform EBM and provide this
information in the service manual.
Personal experience has shown that type testing data and baseline data that is done offsite
by different licensed laboratories is difficult to emulate once the vehicle reaches site, even
prior to operation. This is because type testing is done on a dynamometer where engines are
loaded precisely and with different equipment in a more comprehensive testing regime
compared to a relatively quick and simple test completed on site by a mobile laboratory
where loading of the engine can vary with the experience of the operator. A maximum of a
15% variance from the baseline test result is allowed for diesel particulate for ‘dirtier engines’
and 30% for ‘cleaner engines’ (NSW Department of Primary Industries 2008).
If engines are outside this maximum, then the engine needs to be checked at the next
maintenance opportunity and brought back to baseline condition. Depending on how
sampling equipment is calibrated, it is highly likely that there is at least a ±12% level of
uncertainly for diesel particulate matter with additional uncertainly due to the sampling
process (Hines & Davies 2015). Therefore, staying within the 15% allowable variance may be
difficult and unrealistic to achieve.
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Another option to track engine emissions is to determine target values for individual engine
types. Target values can be used as an indicator to assess the level of an engine’s emissions
which relates to the engine condition and maintenance requirements. Consequently, when
testing exhaust onsite initially, a part of the testing requires the determination of target
values for each engine type already in-service. The process was developed by Davies(2004)
and is shown below in Figure 4.10.

Figure 4.10

The process to develop target values
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For statistical analysis it is best to have a minimum of 6 - 10 engines’ analysis before
calculating the 95% UCL. Where six engines of the same type do not exist in a site’s fleet the
engines that are available can be retested at more frequent intervals until 6 – 10 results are
obtained, and then the statistical process can be implemented.

4.4

Methodology - Engine types and sampling

4.4.1

Sample points

The selection of the sampling location is vitally important to gain repeatable, reliable results,
and to allow accurate interpretation of the results. Engines may have no after treatment
devices, or they may have a diesel oxidation catalyst (DOC) purifier or particulate filter in the
exhaust system. If measurement is taken after a DOC, the DOC masks any engine faults that
increase CO concentrations. Contrary to Spears’ (1997) recommendations sampling should
also occur after an aftertreatment device, to determine if that aftertreatment device is
operating effectively. Sampling prior to an aftertreatment device allows determination of
engine issues while sampling post an aftertreatment device allows the determination of
aftertreatment device’s’ performance.
Thus, understanding maintenance requirements on engines requires results both on the
manifold of an engine as well as the tailpipe. Vehicles used in underground coal mines are all
supplied with statutory sample points. These points are used by licensed laboratories to
sample the gaseous emissions from the manifold to compare these to individual engine
baseline results in accordance with MDG 29. Testing for DPM by the licensed laboratory is
conducted by inserting a probe into the filter housing and closing the lid as much as possible
then loading the engine as per MDG 29. This is therefore neither a true representation of the
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manifold nor the tailpipe emissions. Statutory testing occurs on either a three or six-monthly
basis, depending on other testing the mine site completes, and is stipulated in MDG 29 (NSW
Department of Primary Industries 2008). Tailpipe testing is not routinely undertaken. If it is
conducted by a site, a probe is inserted into the tailpipe and a result is collected. As
demonstrated above in Section 4.3.2.1 this system is flawed as there is significant variation in
exhaust flow within an exhaust system, and thus concentrations of exhaust also vary across
the system. Instead an adaptor is required to direct a sample of exhaust from the tailpipe into
the mixing unit where the exhaust is mixed and cooled thus providing a homogenous sample
for collection or analysis. Throughout the project it became evident that each vehicle had very
distinct tailpipe configurations/set-ups, therefore determining how to collect a sample at the
end of the exhaust was found to be challenging. This is due to the exhaust exit being after the
filter housing which is the final component of the registered flameproof protection. The
exhaust exit, therefore, is not held to the same rigorous standards as the engine prior to the
filter housing, which necessitated an audit at the beginning of the research project. The audit
examined the available assortment of exhaust systems and determined how best to sample
from these.
Although there were three main vehicle types tested within this project, other vehicles were
inspected, all with variations in the tailpipe exit point. This needs to be considered when
commencing an EBM programme to ensure a reliable sample can be collected each time and
reduce the need for additional sampling until a valid result is achieved. Each time additional
samples are taken more work must be done by the engine, which in turn creates additional
wear and tear.
4.4.2

Personnel transportation vehicles

The Driftrunner is a Valley Longwall International (VLI) diesel engine system designed for
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personnel and material transportation in the underground coal environment. It is commonly
referred to as an SMV after the name of the manufacturer ‘Specialized Mining Vehicles’. It
will be referred to as a Personnel Transportation Vehicles (PTV) within this research project
where appropriate. The PTV was used at both the intervention and control site and was
included in the testing for this project. PTVs vary in configuration and can be a bus style
seating up to 12 people, or a utility form and/or have a Hiab (small crane) installed on the
vehicle tray. PTVs are delivered to site having an option of two locations for the exhaust to
exit the vehicle. The first is to the passenger side of the vehicle in front of the rear wheel
(Figure 4.11), the second is directly under the DDEF housing in front of the front passenger
(Figure 4.12). Routinely it was noted that the exhaust did not reach the designed exit point
when it was to the side of the vehicle as the exhaust pipe was broken off further up the
exhaust pathway. On discussion with workshop personnel this occurs because the exhaust
pipe is often damaged by being hit on the uneven roadways, and then is removed or falls off
underground. The exhaust pipe is difficult to reattach as components of the engine need to
be removed, so it can be left in this state for a considerable period of time.

Exhaust exit point to
front of rear wheel

Figure 4.11

Exhaust exit point on PTV - front of rear wheel
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Exhaust exit point directly under
DDEF housing

Figure 4.12

Exhaust exit point on PTV – under the filter housing

Where the exhaust pipe was broken off the engine exhaust either exited directly under the
DDEF or into the engine bay. There were also variations noted when the exhaust pipe exited
directly under the DDEF, and this included a straight cut off; a diagonal cut off approximately
150 mm below the scrubber tank; or a 45-degree bend pointing towards the engine bay.
Regardless of the where the exhaust was emitted to atmosphere, a sample was required to
be taken. Investigations over a 10-month period determined the best way to sample each of
these variations.
A long probe, or flexible tailpipe adaptor was inserted well along the tailpipe for those
machines that had a full-length exhaust (Figure 4.13). The mixing unit was connected to the
end of this, and a valid sample of DPM and exhaust was able to be attained this way (Figure
4.14).
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Long exhaust

Fleixible tailpipe adaptor

Mixing unit connection

Figure 4.13
adaptor

Tailpipe

Figure 4.14

Long tailpipe adaptor in long exhaust

Inserting the same flexible tailpipe adaptor (Figure 4.13) into the 45 o bend pipe (Figure 4.15)
that faces towards the engine bay proved very difficult and dangerous to the mechanical
maintenance personnel due to hot machine components and confined work areas. There was
a significant risk of burns. SMV DDEFs are designed to filter from the outside of the filter in,
thus the exhaust is collected on the outside and the cleaner exhaust exits on the inside of the
filter. Investigation into providing a temporary outlet by placing a purpose-built filter housing
lid with an exhaust sampling point in it was not possible as only the exhaust that had not been
through the filter housing could be collected in this way.
A trial was conducted to determine if it was feasible to use an existing sampling port on the
elbow just after the filter housing, pictured in Figure 4.15. Backpressure and CO2 was
measured to determine if there was enough pressure to collect a valid sample. Testing was
completed and it was shown there was not enough backpressure to force exhaust into the
mixing unit and a result of 4.4% CO2 was collected, therefore a valid sample could not be
collected this way.
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A welded internal extension probe was attached to the existing sampling port inside the bend
in a further trial. This did not produce enough CO2 for a valid sample, and thus was also
disregarded (Figure 4.16).

Figure 4.15

Existing sampling port

Figure 4.16 Internal probe in
existing bend

Finally, a small restrictor fitting was made up for the end of the short straight exhausts (Figure
4.17 and 4.18). This was trialled with more success. This fitting is designed to go onto the end
of the elbow on a short tailpipe and produces an additional 2 kPa backpressure over the
sampling period only (2.5 minutes maximum) which ensures there is enough exhaust entering
the mixing unit to achieve the required 6% CO2 concentration. This restrictor was later
modified with a handle, a butterfly clip for securing onto the exhaust and a chain (Figure 4.19).
The chain was attached to the sampling trolley to ensure it could not be left in place on the
vehicle after sampling, and the handle made it easier to attach to a hot exhaust. Initially the
restrictor could be adjusted to increase or decrease the restriction. The movable plate was
welded into place once the correct format was determined to ensure that unnecessary
restriction was not placed on the engine. With the restrictor attached, the mixing unit was
connected to the sampling point on the elbow, and a sample taken. Without the restrictor
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1.1% CO2 was recorded, and with the restrictor 7.4% CO2 was recorded.

Figure 4.17
Version
1 front of restrictor

Figure 4.18
Version Figure 4.19
1 back of restrictor
Modified restrictor
with rubber handle

Consideration was given to the full-length tailpipe and restricting it to allow a sample to be
taken at the elbow sampling point rather than inserting the long tailpipe adaptor. A plate was
made to be placed over the end of the exhaust exit point to restrict the exhaust. The
backpressure increased from 7 kPa with no restriction to 12 kPa with ¾ restriction to get
enough CO2. This was deemed an unacceptable increase in backpressure to achieve the
required CO2 result (Figure 4.20 and Figure 4.21).
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Figure 4.20 Restriction on long
exhaust, fully open

Figure 4.21 Restriction on long
exhaust, half closed

Finally, it was determined that changing the mixing unit itself by increasing the pipework into
it to allow more exhaust in may be the answer to the inability to always collect enough
exhaust. This was successfully trialled 12 months after the initial investigations began and was
immediately implemented. Details on the upgraded mixing unit are discussed below in
Section 4.3.2.2.2.
The PTVs at Metropolitan all had an angled exhaust pipe straight after the filter housing
(Figure 4.22). The long tailpipe adaptor (Figure 4.13) with a funnel attached to the end was
inserted into the exhaust, ensuring there was not a complete restriction and exhaust could
freely exit around the funnel. All samples were collected by the researcher using this system.
Metropolitan use a Cosway disposable diesel exhaust filter in their PTV and Dendrobium use
a VLI disposable diesel exhaust filter, both of which have been determined adequate for use
to reduce diesel particulate matter from exhaust.
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Figure 4.22
4.4.3

Angled exhaust of PTV directly under the filter housing at control site

Load Haul Dump - Coaltram

The Coaltram is an LHD, manufactured by PPK Mining Equipment, specifically used in high
methane gas underground coal environments. They are a low-profile vehicle with a Tier 3
electronically controlled low emission diesel engine and are designed to load, lift and handle
materials. They come with statutory sampling points on the manifold. However, the exhaust
of a Coaltram is at the rear of the vehicle and is designed to allow exhaust to dissipate along
a length of a perforated channel with the remaining exhaust forced to the end of the channel
where there is one large rectangular shaped opening (Figure 4.23).
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Perforated exhaust channel
End of exhaust

Mixing unit attached to tailpipe adaptor

Figure 4.23

Exhaust of a Coaltram with long tailpipe adaptor

Testing occurred to determine if there was enough exhaust at this end point to ensure a valid
(more than 6% CO2) sample. Alternatives included determining if a sample could be taken
straight after the filter housing if a sampling point was installed, or if the existing channel
needed to be altered to close the channel during sampling. Testing at the rectangular shaped
opening at the end of the channel showed that not enough CO2 was reaching the mixing unit.
The length of the flexible tailpipe adaptor was increased to reach further across the back of
the Coaltram and after a month into trialling it was initially shown to provide enough exhaust
when the flexible tailpipe adaptor was used on the machine tested.
Dendrobium utilises both 8 tonne (8 t) and 10 tonne (10 t) Coaltram. Issues with sampling 8 t
Coaltrams at the tailpipe became apparent with trouble experienced attaining the required
6% CO2 after the scrubber tank using the long exhaust adaptor. The 8 t and 10 t Coaltrams
have the same engine package, so the reasons behind why most 10 t samples were valid and
8 t samples invalid was not clear.
However, 8 months after the tailpipe adaptor was trialled, there were continuing problems
with sampling some Coaltrams, and thus a further option was trialled. This option involved
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attaching a T-piece to an existing outlet immediately after the filter housing from the exhaust,
with the ability to collect a sample from the T-piece. Backpressure was measured to
determine if there was likely to be enough from this location. There was over 2 kPa of
backpressure when using a magnehelic gauge, which was enough to trial the new T-piece.
Due to the design of the Coaltram exhaust having two right angled bends before the exhaust
dissipates along the perforated channel of the machine, there appeared to be enough
backpressure with 6% CO2 reached very quickly. This was tested on both and 8 t and 10 t
machines. A work order was placed to have the T-pieces made up into a smaller, neater, fitfor-purpose product. The T-piece is located after all flameproof protection requirements, so
was able to be adapted without further regulatory approvals (Figure 4.24 and 4.25). These
were delivered to the mine site and were progressively installed on the Coaltrams within a
month. Feedback three months after installation was that the T-piece fixed all issues with
achieving 6% CO2, and samples no longer failed.
Dendrobium use a Freudenberg disposable diesel exhaust filter in their Coaltram which has
been approved for use in these engine packages.

Figure 4.24 T-piece on exhaust for
tailpipe testing

Figure 4.25
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Close-up of trial T-piece

4.4.4

Load Haul Dump - Eimco

Eimco’s are LHDs, manufactured by Sandvick Mining and were in use at Metropolitan. The
variety tested on site was an ED10 model. This LHD has a standard gas fitting on the manifold
and was able to be tested in the tailpipe directly after the filter housing with the flexible
tailpipe adaptor held in place. In normal operation an Eimco is fitted with three diesel
particulate filters. There was no issue with obtaining either a DPM or gas result, unless the
engine was very dirty, in which case particulate sample filters blew due to the amount of
backpressure and particulate on the filter. This generally occurred on the manifold and was
evident by the thick and black colour of the blown filter. There were no adaptions required to
the sampling equipment to collect the samples from these engines.
Metropolitan use a Cosway disposable diesel exhaust filter in their Eimcos which has been
approved for use on site.
4.4.5

Training mechanical maintenance personnel

Mechanical maintenance personnel at the intervention site were trained to use the
equipment and how to take a sample. A round of shift talks, demonstrations and training was
completed. Generally, there was were one to two workers on each shift trained to conduct
the sampling. Work instructions were developed and laminated Quick Reference Guides
(QRG) were provided. The QRGs were provided for those that had been trained and
understood the process, as a reminder to ensure they were undertaking the sampling
correctly. Detail was limited, as it was not designed as a training tool for someone who had
not been physically trained.
Face to face training sessions were scheduled and held at Dendrobium one month prior to
sampling commencement. Mechanical maintenance personnel were trained on where and
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how to take obtain a sample for particulates (DPM) and gases. A timeslot of 2.5 hours training
was allocated, with a short PowerPoint presentation, followed by hands-on sampling on
vehicles in the workshop.
Further face to face training sessions were held when changes were made to either
equipment or protocols and to start enable the mechanical maintenance personnel looking
to review and analyse the results and understand there meaning. Minor changes were
communicated via email and placed on the noticeboards with signing sign-off sheets to
ensure everyone received the all updates.
Training continued post the final data collection for the project as the sample collection
protocol was simplified by due to the improved DPM sampling equipment.
Training on the equipment was not required at Metropolitan as all sampling was conducted
by the researcher.
4.4.6

Data collection

Worksheets were provided to personnel to fill in after each test. The initial sampling sheet
was concise, and a record of the test only. The worksheets were updated early in the research
to allow the tests to be shown on one page with both manifold and tailpipe testing results.
This allowed easy comparisons of the difference between the results. At the same time,
statutory limits were added to the worksheet so workers could easily compare against these
as well, although the results themselves are not directly comparable due to variations in
equipment used and sampling protocol. All gas samples were also recorded in the DEEMS
software, with the DPM result manually input. Having the worksheets allowed the mechanical
maintenance personnel to comment on the equipment, or specific tests etc. An example of a
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worksheet is provided in Appendix 3.
4.4.7

Verification of DPM analysis technique

DPM as a contaminant is not able to be analysed due to the variations in content, and the
behaviour of the compounds within the exhaust. Elemental carbon is the accepted surrogate
for DPM in Australia. In 1996, a thermal-optical technique was assessed and reported to be
the most appropriate method to analyse for elemental carbon (Birch & Cary 1996). Through
temperature and atmospheric controls this technique provides for the fractionation of
organic carbon (OC) and elemental carbon (EC). The OC-EC method also allows for a correction
where pyrolysis or charring of the sample occurs due to the presence of other carbon types
(Birch & Cary 1996).
During the research, a site visit was made to Sunset Laboratory, Oregon, USA to understand
the elemental carbon analysis more fully, particularly with respect to exhaust sample analysis.
The analysis is completed using the intensity of laser transmittance through the sample on
the filter paper. Raw exhaust samples typically are significantly more heavily loaded than
those collected as personal samples which was the original intent of NIOSH Method 5040.
There are two methods that can be used to determine the EC result using the thermal-optical
technique. These are:
1. An automated process where the transmittance of the filter is used to indicate
where EC is being measured.
2. A manual approach where the analysist moves a cursor back along the sample
data to a point where an Oxygen/Helium (O2/He) mixture is introduced to the
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sample and the EC theoretically starts to be converted to CO2.
These are referred to as the Laser cut and Oxygen cut respectively and are further explained
below.
During analysis the temperature is increased to over 800oC and helium is introduced, causing
the removal the organic carbon. After this an O2/He gas is introduced which combusts the EC.
During this process, the filter transmittance/reflectance changes, which indicates where the
change from OC to EC occurs. A ‘split’ or cut is provided at this time, referred to by Sunset
Laboratories as the Laser Split, Laser Cut or Optical Split. This cut is automatically applied by
the process. All carbon prior to this cut is considered OC, and after this point is considered EC.
Charring complicates the analysis slightly in that the cut is not assigned until enough light
absorbing carbon is removed to increase the transmittance/reflectance to its initial value
(Birch 2016). The cut can be manually moved within the O2/He phase to give an oxygen cut.
The oxygen cut is more accurate in heavily laden samples and particularly relevant for coal
mine samples where there is little chance of pyrolysis. Pyrolysis or charring occurs due to
other carbons present, such as cigarette smoke and rock dust (with carbonates). Generally
pyrolysis doesn’t occur on diesel exhaust, which is the main source of carbon in a coal mine
(Birch & Cary 1996). A thermogram is generated with each OC-EC analysis that allows
observation of where the O2/He mix is introduced and thus where the elemental carbon is
being detected, rather than organic carbon. Figures 4.26 and 4.27 are samples that were
taken to Sunset Laboratories, Oregon and observed during analysis to better understand the
technique and results, particularly in relation to heavily loaded exhaust samples.
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Laser

Figure 4.26

cut

Thermogram of EC sample – automatic laser cut point

Oxygen

cut

point

Figure 4.27

Thermogram of EC sample – manually placed oxygen cut point

The laser cut result is the result that is usually reported from laboratories unless an oxygen
cut (or both) is requested.
This data is important for two different but related reasons. The first is in the calibration of
equipment used to determine EC. Field instruments should be calibrated using the oxygen cut
as they may otherwise be underestimating EC concentrations by up to 39% at 20 mg/m 3 EC
based on data collected during research on calibration of diesel exhaust equipment as shown
104

in Figure 4.28 (Hines et al. 2017). Exhaust EC concentrations of up to 60 mg/m3 were regularly
collected during the study; therefore, using the oxygen cut provides a more accurate result.
It is relatively common for raw exhaust, before any aftertreatment device to be as high as 60
mg/m3 in lower tier engines, especially where engines are de-rated due to methane issues
within a mine and EBM is not part of the maintenance regime.
The instrumentation used within this research (Diesel ChekMate®) had been calibrated using
the oxygen split. If the oxygen split is not used, then it is likely lower results are produced,
thus underestimating the true result. This has been found to be the case for ambient sampling
using similar instrumentation (Zheng et al. 2014).
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Laser cut vs oxygen cut in thermal optical analysis, analysis by NIOSH 5040

The second reason is because the oxygen cut is more applicable to very dark filters such as
those collected in raw exhaust sampling as the oxygen cut point is more robust due to the
delay in transmittance/reflectance of the filter. NIOSH 5040 refers to samples above 20
µg/cm2 and how they should be treated - “The split between OC and EC may be inaccurate if
the sample transmittance is too low. The EC loading at which this occurs depends on laser
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intensity. In general, the OC-EC split may be inaccurate when EC loadings are above 20 µg/cm2.
High loadings can give low (and variable) EC results because the transmittance remains low
and relatively constant until some of the EC is oxidized. The split should be reassigned (prior
to EC peak) in such cases”. Therefore, for any samples that are heavily laden, it is important
that the cut is reassigned, and this is referred to as the oxygen cut.
4.4.8

Data processing and analysis

IBM statistical software SPSS Version 25 and Excel 2019 were used for data analysis. The data
was tested for normality and was not normally distributed. Data was checked using the
Levenes test to ensure the data fitted the assumptions of non-parametric testing. The data
was treated using non-parametric tests with the mean, median, standard deviation (SD) and
Tukeys Hinges interquartile ranges (IQR) provided as summary indices for the data. KruskalWallis and Mann Whitney U were used to compare medians across different time points,
different work groups, and between the control and the intervention sites. The effect-size
was calculated for Kruskal Wallis and Mann Whitney U using Eta squared. Statistical
significance was set at a p - value of < 0.1 due to the limited sample size, particularly at
Metropolitan where data collection was limited due to numbers and availability of engines.
Results for gas monitoring were standardized to %CO2 at both sites. Standardising the results
to %CO2 considers and corrects gas results with respect to the variation in loads placed on the
engine during sampling. Gas samples that had less than 6% CO2 were discarded prior to
further interpretation of data.
With respect to the EC raw exhaust results, values of 60 mg/m3 and more were given a value
of 60 mg/m3. The monitoring equipment used does not reliably read higher. This was not
considered problematic for the monitoring as 60 mg/m3 is a very high result, and results in
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this magnitude must be reduced.
One engine on one occasion recorded a very high CO value. This was a true value, due to an
engine fault, and therefore although it was an outlier it was kept within the data and the value
was winsorised and then included in further analysis.
Data was considered valid if there was a sample collected on both the manifold and the
tailpipe for both gases and EC during the same test. If a tailpipe sample, for example did not
have a gas result, but did have an EC result, this data was discarded.

4.5

Results

Engine data was collected campaign style at Metropolitan with three distinct sampling times
as opposed to Dendrobium where data collection was ongoing. For comparative analysis
between the intervention and the control sites, testing was categorised into baseline,
midpoint and final campaigns at Dendrobium. The baseline campaign was considered up to
and including when the initial fuel data was collected at Dendrobium. The midpoint was
approximately up to and including when the midpoint fuel data was collected, and the final
campaign was up to the final fuel data collection.
4.5.1

ECOM calibration frequency results

During the process, work was included to determine the most appropriate calibration
frequency for the ECOM gas analyser when used in a coal mine workshop on a constant basis.
The variation in drift between weekly calibrations and monthly calibration was explored to
determine the most appropriate amount of time between calibrations of the ECOM gas
analyser to ensure accuracy of data, but also to decrease excess costs due to unnecessary
time and calibration gases. The data was divided into the initial value on the instrument when
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attached to the calibration gas, and the final value the instrument displayed when attached
to the calibration gas. The results for this testing are provided in Table 4.6. The data was
analysed using mean, standard deviation and an independent samples t-test, assuming equal
variance.
Table 4.6 Calibration drift of ECOM; weekly calibrations compared to monthly
Weekly Calibration

Monthly Calibration

Mean (SD)

Mean (SD)

p-valuea

Initial
CO (n=8)

799 (4.5)

796 (32.3)

0.9

NO (n=8)

701 (4.8)

699 (8.4)

0.5

NO2 (n=8)

80 (2.7)

80 (1.6)

0.8

CO (n=10)

800 (2.4)

801 (3.1)

0.4

NO (n=10)

702 (1.7)

700 (0.3)

0.007*

NO2 (n=10)

81 (0.6)

81 (0.0)

Final

a

0.5

Student t-test *statistically significant at P < 0.1

4.5.2

Exhaust samples

A total of 87 PTVs and 81 LHD samples were taken across the three sampling campaigns at
Dendrobium. Of the 87 PTV results, 50 were taken at baseline, 10 at midpoint and 27 at the
final campaign. Of the 81 LHD results, 51 were taken at baseline, 12 at midpoint and 18 at the
final campaign (Figure 4.29). To be included in the data analysis a sample must include a valid
DPM (measured as EC) and gas (including CO2, CO, NO, NO2, NOx) sample on both the manifold
and the tailpipe.
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A total of 18 PTV and 14 LHD samples were taken across the three sampling campaigns at
Metropolitan. Of the 18 PTV results, seven were taken at baseline, six at midpoint and five at
the final campaign. Of the 14 LHD samples, six were taken at baseline, five at midpoint, and
three at the final campaign (Figure 4.29).
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Midpoint

Metropolitan

Exhaust sample numbers at both sites across the campaigns

Variations in sample numbers between the sites is due to the duration of sampling, the
numbers of available vehicles on site and the style of sampling. Sampling was ongoing at
Dendrobium, while at Metropolitan sampling was done on a campaign basis as discussed
above in Section 3.4.2.
The difference between the sample sizes across each campaign at Dendrobium was dictated
by the fuel collection dates, and valid data collected between these points. The data at
Dendrobium was divided into campaigns depending on when fuel data was collected.
Although many additional samples were collected during these timeframes, the data is not
presented here as it did not fit the ‘valid’ criteria meaning that one of the four results for DPM
and gases on the manifold and tailpipe was not valid. This occurred on several occasions due
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to sampling equipment issues as discussed in Chapter 7. An engine may have data recorded
more than once in each campaign.
The difference between the sample sizes across the campaigns at Metropolitan was due to
relevant machinery not being available for testing during each campaign due to the individual
vehicles being offsite at the time, or in a remote part of the mine where they could not be
accessed. Each individual vehicle was tested once in each campaign at Metropolitan where
available.
4.5.3

All vehicle exhaust results

Between the manifold and the tailpipe there are aftertreatment devices to change and
generally reduce the emissions before exiting the exhaust pipe. This was shown to be the case
with a significant reduction in EC and NO2 between the manifold and the tailpipe at both
Dendrobium and Metropolitan p = 0.000 in all cases. The following sections detail the results
for between site variations, vehicle variations, campaign variations, and manifold and tailpipe
variations.
4.5.3.1 Metropolitan vehicle exhaust results
Engine emissions data for Metropolitan were expected to be similar across the monitoring
campaigns as no additional maintenance or other intervention was scheduled to be
implemented. Contrary to this hypothesis, NO2 significantly changed on the manifold during
the monitoring campaigns p = 0.086, (significant between mid-point to final p = 0.033) (Figure
4.30). NO2 decreased from the baseline to the mid-point. It then increased at the final
sampling campaign (Figure 4.30).
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Figure 4.30 All vehicles NO2 results between the manifold and tailpipe across the
campaigns at Metropolitan
EC significantly changed on the tailpipe p = 0.065 (significant between the mid-point and the
final p = 0.020 (Figure 4.31).

Figure 4.31 All vehicles EC results between the manifold and tailpipe across the
campaigns at Metropolitan
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4.5.3.2 Dendrobium vehicle exhaust results
There was no significant difference on the manifold over the campaigns for Dendrobium for
the gases or for EC. However, there was a significant reduction in NO2 p = 0.081 and EC p =
0.003 on the tailpipe (Figure 4.32 and 4.33). Pairwise comparisons showed a significant
reduction between the baseline data and the final data for both NO 2 and EC (p = 0.025 and p
= 0.001, respectively).

Figure 4.32 All vehicles NO2 results between the manifold and tailpipe across the
campaigns at Dendrobium
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Figure 4.33 All vehicles EC results between the manifold and tailpipe across the
campaigns at Dendrobium
4.5.3.3 All vehicle exhaust results by campaign
Comparison of baseline results for all engines on the manifold between the sites showed a
significant difference between the NO2 results (p = 0.056), and a significant difference on the
tailpipe for CO (p = 0.067) (Table 4.7). Dendrobium had significantly less NO2 on the manifold,
and significantly less CO on the tailpipe than Metropolitan at the beginning of the research
study.
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Table 4.7

Baseline gas and EC results between sites, all vehicles
NO2
Median, (IQR)

CO
Median, (IQR)

EC
Median, (IQR)

Dendrobium n=101

45.3
(40.3, 52.3)

287.4
(235.7, 390.1)

31
(22, 39)

Metropolitan n=13

55.9
(46.8, 58.7)

277.2
(251.3, 345.3)

44
(21, 51)

p value

0.056*

Manifold

0.851

0.172

Tailpipe
Dendrobium n=101

17.1
(7.9, 26.3)

157.8
(96.8, 211.9)

11
(8, 20)

Metropolitan n=13

17.5
(14.9, 31.8)

212.3
(140.8, 246.9)

10
(6, 12)

p value

0.190

0.067*

0.230

*p significant at 0.1
Comparing the midpoint data for all engines at both sites shows Dendrobium vehicles were
significantly lower on NO2, CO and EC on the manifold, with very little difference on the
tailpipe emissions (Table 4.8).

114

Table 4.8

Midpoint gas and EC results between sites, all vehicles
NO2
Median, (IQR)

CO
Median, (IQR)

EC
Median, (IQR)

Dendrobium n=22

38.2
(36.3, 52.2)

276.2
(220.8,348.2)

34
(22, 40)

Metropolitan n=11

47.9
(43.4, 54.5)

378.8
(324.2,412.4)

60
(39, 60)

p value

0.054*

0.039*

Dendrobium n=22

10.8
(7, 16.9)

207.1
(165.1,248.5)

10
(6, 11)

Metropolitan n=11

13.2
(10.1, 14.7)

206.5
(140.1,262.7)

10
(4, 17)

Manifold

0.019*

Tailpipe

p value

0.423

0.567

0.955

*p significant at 0.1
The final monitoring campaign for all engines at both sites shows Dendrobium continuing to
have significantly less NO2 on the manifold and tailpipe than Metropolitan. However,
Metropolitan has significantly less EC on the tailpipe than Dendrobium (Table 4.9). Although
Dendrobium vehicles recorded 22% less CO and 43% less EC on the manifold, the difference
was not significant.

115

Table 4.9

Final gas and EC results between sites, all vehicles
NO2
Median, (IQR)

CO
Median, (IQR)

EC
Median, (IQR)

41.9
(34, 47.6)

266.5
(214.5,343.7)

27
(16, 37)

Metropolitan
n=8

56.4
(53.3, 61.1)

341.8
(233.3,416.1)

47
(12, 60)

p value

0.001*

0.456

Manifold
Dendrobium n=45

0.426

Tailpipe
Dendrobium n=45

9.2
(6.8, 16.8)

158.7
(116.3, 204.6)

10
(5, 10)

Metropolitan
n=8

18.8
(10.4, 23.8)

208.1
(128.1, 250.8)

4
(3, 9)

p value

0.028*

0.253

0.013*

*p significant at 0.1
4.5.4

PTV exhaust results

4.5.4.1 Metropolitan PTV exhaust results
There were no significant differences in NO2 on the personnel transportation vehicles on
either the manifold or the tailpipe over the sampling campaigns. However, there was a
significant difference between the manifold and the tailpipe for each campaign (p = 0.002, p
= 0.006 and p = 0.009 respectively) as indicated below in Figure 4.34 and Table 4.10.
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Figure 4.34 PTV NO2 results between the manifold and tailpipe across the campaigns at
Metropolitan
Table 4.10

Metropolitan NO2 PTV results (ppm)
Baseline
(n=7)

Midpoint
(n=6)

Final
(n=5)

51.6

52.4

60.8

p value^

NO2 Manifold
Median

0.683
Range

44.1-58.3

43.1-72.2

55.7-61.4

17.5

11.4

23.6

NO2 Tailpipe
Median

0.356
Range

14.5-25.4

9.0-15.4

8.1-23.9

^ between the final and baseline measurements
EC initially increased and then decreased on the manifold at Metropolitan. On the tailpipe EC
appeared to decrease progressively as shown below in Figure 4.35. Although there were large
differences in the manifold and tailpipe exhaust results across the campaigns, these
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differences were not significant due to the variation with the midpoint and final manifold
sampling campaigns recording a 75th percentile of 60 mg/m3. The final manifold result was
artificially low due to some vehicles being unavailable, including two that were previously
high EC emitters, and one vehicle recently having had a new fuel pump installed which
reduced its manifold result by 14 mg/m3. The difference between the manifold and the
tailpipe was significant for each sampling campaign (p = 0.005, p = 0.004 and p = 0.011
respectively).

Figure 4.35 PTV median EC results between the manifold and tailpipe across the
campaigns at Metropolitan
A significant reduction of CO was measured between the manifold and the tailpipe during the
midpoint sampling periods (p = 0.037) on the PTVs at Metropolitan (Figure 4.36).
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Figure 4.36 PTV median CO results between the manifold and tailpipe across the
campaigns at Metropolitan
4.5.4.2 Dendrobium PTV exhaust results
Further data interrogation and review of the Dendrobium individual engine types showed that
there was a significant difference in NO2 over the progression of campaigns on the manifold
and the tailpipe of the PTV p = 0.012 (significant between the baseline and the final testing
for NO2 p = 0.016) and p = 0.000 (significantly different between the baseline and the midpoint
p = 0.008, and the baseline and the final p = 0.000) respectively. Figure 4.37 shows NO2
reducing from the baseline to the midpoint and final on both the manifold and the tailpipe.
NO2 reduced from 51.4 ppm on to 41.9 ppm on the manifold and from 25.7 ppm to 14.9 ppm
on the tailpipe (Table 4.11). Overall, NO2 emitted to the environment from the PTV reduced
by 47%.
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Figure 4.37 PTV NO2 results between the manifold and tailpipe across the campaigns at
Dendrobium
Table 4.11

Dendrobium NO2 PTV results (ppm)
Baseline
(n=50)

Midpoint
(n=10)

Final
(n=27)

51.4

38.1

41.9

p value^

NO2 Manifold
Median

0.012*
Range

42.5 - 62.3

37.0 – 57.3

35.9 – 49.0

25.7

14.3

14.9

NO2 Tailpipe
Median

0.000*
Range

20.3 – 34.3

11.5 – 24.4

9.3 – 18.7

*p significant at 0.1
^ between the final and baseline measurements
As expected, there was a significant reduction in EC between the manifold and the tailpipe
due to the presence of DDEFs. The reduction in EC ranged from 46% to 72% which was
between 13 and 25 mg/m3 of EC removed from the exhaust before entering the atmosphere.
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However, there was not a statistically significant reduction in EC for the PTVs over the
duration of the sampling, although there was a 33% reduction from the baseline sampling to
the final sampling on the tailpipe (Figure 4.38).
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Figure 4.38 PTV median EC results between the manifold and tailpipe across the
campaigns at Dendrobium
A significant reduction of CO was measured between the manifold and the tailpipe during
each sampling period of baseline, midpoint and final (p = 0.000, p = 0.096, and p = 0.000) on
the PTVs at Dendrobium. The reduction was not as significant during the mid-sampling period
with a reduction of 13.5%, and was highest during the baseline testing with a 38.3% reduction
in CO. The effect size was largest at the baseline Eta squared = 0.349.
There was a significant increase in CO emissions on the tailpipe of the PTV at Dendrobium
between the baseline and the midpoint sampling p = 0.084 (Figure 4.39). The reduction in CO
during the midpoint sampling was very low, and although this difference is statistically
significant, the absolute reduction is small and less than would be expected from efficiently
operating catalytic converters.
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Figure 4.39 PTV median CO results between the manifold and tailpipe across the
campaigns Dendrobium
4.5.4.3 PTV exhaust results by campaign
Comparing the baseline results for the personnel-transporter between the sites showed that
Metropolitan had significantly less NO2 in the tailpipe exhaust than Dendrobium. CO was
significantly higher on the tailpipe at Metropolitan than Dendrobium. There was very little
difference between the two sites for EC on the tailpipe. Although the observed difference was
not significant, there was a 16 mg/m3 difference on the manifold for EC and only 2 mg/m3 on
the tailpipe (Table 4.12).
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Table 4.12

PTV baseline gas and EC results between sites
NO2
Median, (IQR)

CO
Median, (IQR)

EC
Median, (IQR)

Dendrobium n=50

51.4
(42.5, 62.3)

240.5
(213.8, 283.7)

28
(15, 38)

Metropolitan
n=7

51.6
(44.2, 58.3)

272.0
(239.56, 308.4)

44
(21, 53)

Manifold

p value

0.952

0.343

0.219

Tailpipe
Dendrobium n=50

26.7
(23.3, 34.3)

151.9
(92.9, 211.2)

10
(8, 19)

Metropolitan
n=7

17.5
(14.5, 25.4)

212.3
(164.8, 256.4)

8
(4, 11)

p value

0.098*

0.062*

0.104

*p significant at 0.1
The midpoint sampling indicated changes in the engine at Dendrobium. NO 2 decreased, and
EC increased from the baseline. This relationship is common as changes are made on engines
and must be managed to keep EC low. EC on the manifold at Metropolitan was generally
measured at the highest limit of the sampling equipment, indicating engines that required
maintenance and were very highly loaded with particulate in the exhaust. CO was significantly
lower at Dendrobium on the manifold, however the difference between the manifold and the
tailpipe at Metropolitan was far greater than Dendrobium, indicating a more effective
catalytic converter (Table 4.13).
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Table 4.13

PTV midpoint gas and EC results between sites
NO2
Median, (IQR)

CO
Median, (IQR)

EC
Median, (IQR)

Manifold
38.1
(37, 57.3)

229.1
(220.4, 267.6)

34.5
(31, 40)

Metropolitan
n=6

52.5
(43.1,72.2)

324.2
(254.9, 389.1)

60
(24, 60)

p value

0.329

0.030*

Dendrobium n=10

0.190

Tailpipe
14.3
(11.5, 24.4)

207.1
(185.3, 228.5)

10
(6, 11)

Metropolitan
n=6

11.4
(9, 14.5)

238.2
(206.5, 274.9)

4
(2, 10)

p value

0.448

Dendrobium n=10

0.278

0.116

*p significant at 0.1
The final sampling indicated several significant differences between Metropolitan and
Dendrobium on the PTVs (Table 4.14). Dendrobium was significantly lower in NO 2 than
Metropolitan by 31% on the manifold. However, on the tailpipe for the final sampling
Metropolitan was significantly lower on EC, by 62% than Dendrobium.
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Table 4.14

PTV final gas and EC results between sites
NO2
Median, (IQR)

CO
Median, (IQR)

EC
Median, (IQR)

Dendrobium n=27

41.9
(35.9, 49.0)

242.3
(200.2, 263.6)

30
(16, 37)

Metropolitan
n=5

60.8
(55.7, 61.4)

279.0
(190.5, 340.3)

13
(11, 60)

p value

0.021*

Manifold

0.421

0.677

Tailpipe
Dendrobium n=27

14.9
(9.3, 18.7)

160.8
(126.1, 202.3)

10
(9, 11)

Metropolitan
n=5

23.6
(8.1, 23.9)

210.0
(206.1, 210.1)

3
(2, 8)

p value

0.335

0.090*

0.008*

*p significant at 0.1
4.5.5

LHD exhaust results

4.5.5.1 Metropolitan LHD exhaust results
Nitrogen dioxide data collected at Metropolitan for the LHDs demonstrated a significant
reduction between the manifold and tailpipe for each sampling campaign (p = 0.016, p = 0.009
and p = 0.050 respectively) (Figure 4.40). There was also a significant reduction on the
midpoint tailpipe result compared to the baseline and the final result as shown in Table 4.15,
although the sample numbers were very low making it difficult to be conclusive.
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Figure 4.40 LHD NO2 results between the manifold and tailpipe across the campaigns at
Metropolitan
Table 4.15

Metropolitan NO2 LHD results (ppm)
Baseline
(n=6)

Midpoint
(n=5)

Final
(n=3)

56.5

47.8

56.3

p value^

NO2 Manifold
Median

0.086*
Range

55.9-58.7

43.6-47.9

53.6-56.4

25.0

13.4

18.7

NO2 Tailpipe
Median

0.138
Range

14.9-31.8

13.2-13.9

15.7-18.8

*p significant at 0.1
^ between the final and baseline measurements
There was a significant reduction in EC from the manifold to the tailpipe for all three
campaigns (p = 0.054, p = 0.0145, p = 0.050 respectively), indicating the effective use of DDEFs
to reduce emissions. The highest reduction of 92% was measured during the final monitoring
126

where EC reduced from 51 mg/m3 to 4 mg/m3 (Figure 4.41).

Figure 4.41 LHD median EC results between the manifold and tailpipe across the
campaigns at Metropolitan
A significant reduction of CO was measured between the manifold and the tailpipe during
each sampling period of baseline, midpoint and final (p = 0.0378, p = 0.009 and p = 0.050) on
the LHDs at Metropolitan (Figure 4.42). The highest reduction was during the final testing with
a 74% reduction in CO.
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Figure 4.42 LHD median CO results between the manifold and tailpipe across the
campaigns at Metropolitan
4.5.5.2 Dendrobium LHD exhaust results
There was a significant reduction in NO2 from the baseline sampling to the final sampling on
the tailpipe (p = 0.081). NO2 on the tailpipe reduced from 8.5 ppm to 6.6 ppm (Table 4.16).
The effect size (using Eta squared) was 0.742 on the final sampling campaign between the
manifold and the tailpipe indicating a strong relationship between the result and the sampling
location. The highest reduction of 84% was on the tailpipe for the final sampling (Figure 4.43).

Figure 4.43 LHD NO2 results between the manifold and tailpipe across the campaigns at
Dendrobium
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Table 4.16

Dendrobium NO2 LHD results (ppm)
Baseline
(n=51)

Midpoint
(n=12)

Final
(n=18)

43.4

38.3

41.7

p value^

NO2 Manifold
Median

0.185
Range

38.7 – 46.8

34.6 – 43.8

31.3 – 45.4

8.5

8.4

6.6

NO2 Tailpipe
Median

0.081*
Range

5.9 – 11.6

4.7 – 11.1

3.2 – 8.0

*p significant at 0.1
^ between the final and baseline measurements
Due to the use of DDEFs as one of the aftertreatment technologies, there was a significant
reduction of EC between the manifold and the tailpipe for all three campaigns (baseline p =
0.000, midpoint p = 0.001 and final p = 0.000). The highest reduction, of 69%, was measured
during the final monitoring where EC reduced from 26 mg/m3 to 8 mg/m3 (Figure 4.44).
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Figure 4.44 LHD median EC results between the manifold and tailpipe across the
campaigns at Dendrobium
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A significant reduction of CO was measured between the manifold and the tailpipe during
each sampling period of baseline, midpoint and final (p = 0.000, p = 0.018, and p = 0.000) on
the LHDs at Dendrobium (Figure 4.45). The reduction was not as significant during the midsampling period with a reduction of 35.9% and was highest during the final testing with a
64.7% reduction in CO. Diesel oxidation catalysts (DOC) are in place in LHDs to control CO and
hydrocarbon emissions. Reduction in CO is dependent on several factors including the catalyst
loading of the DOC. A low-activity catalyst would expect to reduce emissions by 13-40%,
medium activity catalyst would expect to reduce emission by 57-70% while a high loading
should reduce CO by 77-80% (Khair & McKinnon 1999).

Figure 4.45 LHD median CO results between the manifold and tailpipe across the
campaigns Dendrobium
4.5.5.3 LHD exhaust results by campaign
The baseline LHD result for Metropolitan was significantly higher in NO2 than Dendrobium on
the manifold with the results similar to the overall vehicle baseline data. The baseline LHD
tailpipe NO2 was lower for Dendrobium but higher for Metropolitan when compared to the
baseline for all vehicles, and EC was higher on the LHDs than all vehicles combined (Table
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4.17).
Table 4.17

LHD baseline gas and EC results between sites
NO2
Median, (IQR)

CO
Median, (IQR)

EC
Median, (IQR)

Dendrobium n=51

43.4
(38.7, 46.8)

378.6
(312.2, 495.1)

32
(23.5, 43)

Metropolitan
n=6

56.5
(55.9, 58.7)

319.2
(251.3, 419.0)

37
(29, 46)

p value

0.008*

Manifold

0.298

0.532

Tailpipe
Dendrobium n=51

8.5
(5.9, 11.6)

172.8
(103.5, 214.7)

13
(10, 21)

Metropolitan
n=6

25.0
(14.9, 31.8)

187.6
(113.5, 246.9)

11
(10, 13)

p value

0.002*

0.467

0.969

*p significant at 0.1
The midpoint results for the LHD indicate significantly higher NO2 results on the tailpipe for
Metropolitan and significantly higher EC on the manifold. The manifold results were higher
than the baseline result, but the same as the overall vehicle results, indicating the LHD is the
larger emitter. The tailpipe results on the LHD were also double what was recorded for all
vehicles, with 20 mg/m3 emitted from the tailpipe (Table 4.18).
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Table 4.18

LHD midpoint gas and EC results between sites
NO2
Median, (IQR)

CO
Median, (IQR)

EC
Median, (IQR)

Dendrobium n=12

38.2
(34.6, 43.7)

337.1
(264.4, 432.3)

30
(21, 44)

Metropolitan
n=5

47.8
(43.6, 47.9)

339.4
(378.8, 491.4)

60
(54, 60)

Manifold

p value

0.104

0.160

0.082*

Tailpipe
Dendrobium n=12

8.4
(4.8, 11.1)

214.1
(163.6, 285.9)

Metropolitan
n=5

13.4
(13.2, 13.9)

129.3
(95.9, 154.8)

p value

0.091*

0.140

10
(6.5, 13.5)
20
(13, 24)
0.124

*p significant at 0.1
The final results had a similar significant difference in NO2 from all samples to just LHD
samples. The EC was lower on the manifold for Metropolitan, and significantly lower than the
midpoint (Table 4.19). This was also the case for the tailpipe result.
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Table 4.19

LHD final gas and EC results between sites
NO2
Median, (IQR)

CO
Median, (IQR)

EC
Median, (IQR)

Manifold
Dendrobium n=18

41.7
(31.3, 45.4)

414.3
(326.5, 485.5)

26
(17, 45)

Metropolitan
n=3

56.3
(53.6, 56.4)

471.7
(416.1, 483.2)

51
(46.5, 55.0)

p value

0.007*

0.482

0.050*

Tailpipe
Dendrobium n=18

6.6
(3.2, 8.0)

146.2
(99.7, 214.9)

8
(4, 10)

Metropolitan
n=3

18.7
(15.7, 18.8)

121.1
(108.2, 236.7)

4
(4, 7)

p value

0.009*

1.000

0.598

*p significant at 0.1

4.6

Key contributors to EBM results

Several common themes were found during the implementation of the EBM programme. The
maintenance and DDEF problems appeared to be inherent issues that would otherwise have
gone unnoticed if the EBM programme was not in place or would have only been detected
with a catastrophic failure. The information regarding these themes is presented in the
sections below with discussion of these issues in Section 4.8.
4.6.1

Backpressure and exhaust conditioner water bath material

Exhaust conditioning water baths more commonly and herein referred to as ‘scrubber tanks’
or ‘scrubbers’ play a vital role in suppressing sparks from the engine and reducing the
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temperature of the exhaust prior to the exhaust exiting the vehicle. The scrubber tank is a
water-based flame trap and is a statutorily required part of the explosion protection of the
vehicle, forming part of the vehicle registration (Standards Australia / Standards New Zealand
2008). A schematic diagram of the exhaust pathway from production to its exit to the
atmosphere is shown in Figure 4.46.

Figure 4.46 Schematic diagram of the exhaust pathway of a diesel engine with a water
bath exhaust conditioner (scrubber tank) *
* Diagram reproduced with permission from Dr Vinod Gopaldasani (Gopaldasani 2018)
Blockages in the scrubber system (Figure 4.47) create backpressure on the engine resulting in
the engine working harder for the same result. Blockages are more prevalent in Coaltrams
than PTVs as was observed over an 18-month period at Dendrobium. This is likely due to the
design of the exhaust flow into the water conditioning tank, and the amount and velocity of
exhaust flow. The pathway is restricted from the exhaust pipe into the water tank and enters
via a steep angle (Figure 4.47). The exhaust back pressure of a Coaltram can operate
effectively up to 21 kPa (Monduran Pty Ltd 2012) After reaching 21 kPa, warnings, engine derating and engine shutdown occurs after a specified amount of time. Particulate filters have
a maximum allowable backpressure of 20 kPa (Coaltec Pty Ltd 2008). Once the backpressure
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of the filter reaches 20 kPa, the exhaust bypasses the filter and leaves the exhaust pathway
via the tailpipe undiluted, thus potentially increasing worker exposures.

area of blockage
Figure 4.47 Exhaust gas path including the scrubber tank of a Coaltram, and blockage
area (Coaltec Pty Ltd 2008)
It was noted during the early part of the research, several Coaltrams had high backpressures
of 22 to 25 kPa during testing. Thus, the particulate filters were being bypassed and the
vehicle should have shut down over a longer test. At the same time, the CO levels and DPM
levels were well below statutory requirements and were therefore not noticed as a possible
issue during routine 3-monthly testing or portal testing (weekly testing at the mine entrance)
(see Section 4.7.1 below) however, neither of these exhaust tests measure backpressure.
Unless something catastrophic occurs with the engine, most maintenance is done onsite
135

except for specific testing required every 2000 hrs referred to as a ‘Code D’. Generally during
a Code D on a vehicle, the scrubber tanks are not assessed for a blockage. Dendrobium,
however implemented this assessment as part of the Code D maintenance procedure due to
Coaltrams showing signs of blocked scrubber tanks closer to 6 monthly or 1500 hours. To
determine the extent of a blockage, the scrubber tank is removed from the vehicle turned
upside down, and the base cut out (Figure 4.48). If a hard-dark grey material is present as
evident in Figure 4.48, this is causing a restriction and requires removal by chipping out. There
is no way to visually inspect or know this is occurring without cutting the base of the scrubber
tank open unless backpressure measurements are used, and there are no other explanations
for increased backpressure.

Figure 4.48

Base cut out of Coaltram scrubber tank to reveal blockage

In addition to Code D maintenance on the scrubber tanks, Dendrobium were detecting
blockages on Coaltrams via backpressure testing resulting in the scrubber tank itself being
removed and taken off-site for required maintenance.
When welding of any component of the exhaust system is required, it must be done by
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maintenance personnel who have the capacity and equipment to pressure test and recertify
the exhaust system and associated flameproof protection.
The problem with scrubber tank blockages is essentially two-fold. The first is diagnosing when
the scrubber was blocking before it was causing vehicle reliability issues and so it could be
fixed in a timely manner, placing less pressure on the engine and reducing emissions. The
second is that the cause was not known, and therefore how to stop it repeatedly occurring
was unknown.
4.6.1.1 Diagnosis
To determine why these blockages were occurring, a review of the testing of the backpressure
and maintenance of scrubber tanks was completed. After preparing the vehicle for EBM
testing, checking the backpressure is the first step for the mechanical maintenance personnel.
The backpressure is tested using the manifold sampling port and a magnehelic® gauge with a
clean exhaust filter inserted in the filter canister. This process takes a couple of minutes in
total to connect the backpressure gauge, load the engine and read the gauge (Figure 4.49).
The backpressure on a Coaltram is typically around 4-10 kPa, and if rises above this, there may
be some restriction within the exhaust pathway. It was determined with ongoing
backpressure monitoring, that blockages would occur within a month of a restriction starting.
This was confirmed by several Coaltrams recording 4-5 kPa one month and 25 kPa the
following month when tested for backpressure. This indicates that once the blockage starts,
it builds on itself rapidly. During this period of build-up, the CO or other gases do not increase
markedly, precluding gas testing from identifying the problem. The numbers of filters used in
this period also increased but this issue was not always made evident unless it was extreme.
Operators may not report it, or leakage could occur if the filter housing was slightly open, thus
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reducing the pressure, and the need to change filters. One extreme example of a blocked
scrubber tank was a Coaltram using six DDEFs to exit the mine as the vehicle was continually
shutting down on backpressure, indicating high backpressure in the scrubber tank. A DDEF
should last a number of shifts at minimum, and the cost of replacing them unnecessarily is
significant at approximately $175 per filter. Davies (2004) during his research also found that
filters were regularly changed prematurely at a significant cost to the mine.

Figure 4.49

Magnehelic gauge showing 20 kPa backpressure

A sample of the scrubber tank blockage material was collected during an inspection of a cutopen scrubber. A visual inspection under the microscope showed no crystalline product which
would have indicated a cleaning agent, such as the detergent or the scrubber conditioner,
may be causing the build-up. The product was then tested using X-Ray Diffraction (XRD) to
determine what was present in the hard product and assist in explaining how and why it was
forming. The XRD analysis showed silicates and feldspar (complex sodium, calcium or
potassium alumino silicates).
Preliminary review of the degreaser and conditioner ingredients and the water quality of the
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mine water did not indicate these as the source of the material build-up. This led to further
investigation into the cleaning and maintenance regime.
Scrubber tanks are cleaned out during a Code B weekly maintenance inspection and service.
“The Code B inspection and service is weekly routine maintenance to maintain ongoing safe
operation and function of the engine system” (Standards Australia Limited/Standards New
Zealand 2012). During the Code B, two bottles (2 litres in total) of Commander – Low-foam
Detergent degreaser (Hardy Manufacturing) are poured into the scrubber tank. It is left for
15-20 minutes and then flushed out until clean water runs out of the system. The scrubber
tank is then refilled to the appropriate level with clean water and 1 litre of Scrubber Exhaust
Conditioner Additive (Hardy Manufacturing). The conditioner is designed to emulsify and
disperse oily residues and carbon which are removed from the exhaust in the scrubber tank.
The process facilitates cleaning and maintenance of the exhaust scrubber system.
At Dendrobium, the conditioner was added at the Code B and when the water tank was
topped up on the surface. At the surface fuel bay, the refill water was dosed with conditioner
when the water scrubber tank was filled, although this dosing was not always conducted.
Coaltrams can remain underground for an entire week, and only come out from underground
for their weekly maintenance and inspection. There is no bulk storage of conditioner
underground to dose the water while refilling the tank underground. Thus, only plain water,
with no conditioner, is added to the water scrubber tank several times every shift.
4.6.1.2 Solution
The scrubber conditioner dosing unit at the surface fuel bay was not a reliable dosing system
as the only source of application of the conditioner other than Code B. The unit was often
damaged, with product unable to be dispensed, it was not regularly replaced once empty and
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was not always used. The weekly maintenance regime was changed to include adding four (4)
litres of scrubber conditioner, rather than the one (1) litre, with the water, after the scrubber
has been cleaned with the degreaser. The dosing unit remains in place at the fuel bay and is
used more frequently due to improved understanding of the importance of using conditioner
with the water. The upkeep and maintenance of the conditioner dosing unit at the surface
fuel bay has also changed so a single role (the Store person) is responsible. The site store is
open 24 hours a day, 7 days a week, and has the responsibility of ensuring the dosing unit
contains product and is operational. Personal observation and communication have indicated
that because the dosing unit is more frequently maintained, when filling up the scrubber
water tank at the fuelling bay it is more frequently used.
The length of time between blockages has increased markedly, to the point that although the
water conditioning tanks are still being opened as part of a Code D (April 2019), build up is
not evident even after the 2000 hours. The site is continuing EBM testing and using
backpressure to diagnose when a scrubber tank is blocking or is blocked. Once it is showing
signs of blocking, it is scheduled for maintenance, which has reduced the number of filters
being used and the amount of time the vehicle is off site. Additional backpressure testing is
done where there are suspicions blockage may be occurring. The site has indicated during an
interview (Paton 2019, pers. comm., telephone call, 15 March) that they may stop the practice
of cutting open the water conditioning tank on every Code D due to the improved knowledge
of blockage causes and proactive testing being available.
4.6.2

Efficiency of disposable diesel filters

4.6.2.1 Introduction
Diesel exhaust filters are removable filters used to collect diesel particulate matter before it
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is emitted to the atmosphere. There are several types of these for use in different industries.
Some diesel filters are ‘reusable’, and others are ‘disposable’. Reusable filters are heated up
to temperatures of greater than 400oC allowing regeneration of the filter. Regeneration
cleans the filter by burning off the particulate mass that is collected, providing the capacity
within the filter to continue collecting particulates until regeneration is required again. The
underground coal industry generally uses the disposable variety of exhaust filters (disposable
diesel exhaust filters – DDEF) as the reusable variety require heating beyond temperatures
that is achievable in coal mines due to operating restrictions. Temperatures of surfaces and
exhaust gases post the scrubber tank in underground coal mining in NSW cannot exceed
150oC (Standards Australia / Standards New Zealand 2008). The sites involved within this
research project use different brands of DDEF. However, the underlying principle of operation
is the same.
DDEFs are exhaust filters that are placed inside a filter housing (or canister) that is part of the
exhaust pathway. The exhaust stream enters the filter housing and filter after it has been
through the water conditioning tank. A schematic diagram of the principle operation of a
DDEF fitted to a diesel engine is shown in Figure 4.50. The numbers of filters required for each
vehicle can also vary due to engine size with either 1, 2 or 3 DDEFs required to be placed in
the filter housing at one time.
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Figure 4.50

Schematic of disposable diesel exhaust filtration system

DDEFs have been used in underground coal mining since the 1990’s (Ambs et al. 1994) and
the first one was introduced in Australia at Appin Mine in 1995. DDEFs are tested by a NATA
accredited laboratory using ISO 8178-4, an international standard for exhaust emission
measurement for non-road applications to ensure they are fit for purpose, including both the
integrity of the filter and the efficiency capabilities; AS/NZS 3584.2 for the engine set up and
MDG 43 for the filter testing (Department of Industry Resources and Energy 2015; ISO 2017;
Standards Australia / Standards New Zealand 2008). ISO 8178-4 describes several steady-state
engine dynamometer test cycles that are designed for different classes of engine and
equipment. Within each test cycle is a series of steady-state modes with varying analysis
weightings to give an overall value for the test filter. Test cycle C1 is used to test DDEF filters
and the test cycle is an 8-mode schedule that is also referred to as the Non-Road Steady Cycle
(NRSC). Filters are tested on an engine fitted to a dynamometer with the required cycles
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loaded to the required level and analysis conducted at the various cycles. The engine itself is
set up as per AS/NZS 3584.2 (Standards Australia / Standards New Zealand 2008), and the
engine is run until it has reached operating temperature and has stabilised. The engine is then
run at intermediate speed without a filter and exhaust back pressure is recorded. A new filter
is put into the filter housing, and the testing starts on this filter with EC, backpressure and
other engine parameter measurements, taken regularly.
This process continues until one of three conditions occur:
1. There are two consecutive readings that show an increase in EC which indicates a
failure of the exhaust filter by either water, degradation, bypass opening etc., or
2. The exhaust back pressure exceeds the maximum for the test engine, or
3. 6 hours of continuous operation have occurred.
The outcome of the test is the provision of an average filter efficiency (average over the
duration of the test), the increase in backpressure from start to finish of the test and the
period of time the filter was tested (Department of Industry Resources and Energy 2015; ISO
2017). There is no specific efficiency requirement written into legislation or standards for the
DDEFs nonetheless at least 85% efficient appears to be the default requirement to be
accepted as fit for purpose (BHP Billiton 2005; Davies 2004, p. 58; NSW Department of Primary
Industries 2008).
There is currently no requirement for testing on in-service engines to determine the efficiency
of filters on operational engines. This is likely due to the increased number of variables such
as duty cycle, filter housing configuration, additional contaminants when testing in-service
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vehicles and the complexities of testing on site such as access to the machines in an area
where testing can be safely conducted. In-service testing was conducted on DDEFs in 20022003 and highlighted great variability with efficiency – ranging from between 35 to 89% (BHP
Billiton 2005, p. 102).
4.6.2.2 Problem
During the research project, it became apparent that the filters being used at Dendrobium
were not reliably providing the filtration efficiency that was expected. This is evident from the
data in Figures 4.51 and 4.52 below. The data in Figures 4.51 and 4.52 is calculated using the
data for individual engines of the same type and averaging it using the 95% upper confidence
limit of the minimum variance unbiased estimator (95% UCL MVUE). This is the average that
is referred to throughout this section of the research project.

Figure 4.51

PTV manifold and tailpipe reductions over 15 months
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Figure 4.52

LHD manifold and tailpipe reductions over 15 months

Prior to the research project implementation, the PTV (Figure 4.51) measured a 50%
reduction in DPM from the manifold to the exhaust sample points, with a 38 mg/m3 manifold
result and a 19 mg/m3 tailpipe average result. The exhaust result is measured after all
aftertreatment devices, including the DPM filter. By the end of the project, a 69% efficiency
was calculated with an average manifold result of 36 mg/m3 and a tailpipe result of 11 mg/m3.
This is a good improvement over the course of the research project; however, the filters were
designed to remove at least 85% of the DPM. The main improvement in the case of the PTV
was achieved in the DPM reducing aftertreatment devices, likely the filter and filter housing,
with only a small improvement from the engine itself as seen by the minor reduction in
manifold results.
The results for the LHD (Figure 4.52) were similar where the initial measurements showed a
33% reduction in DPM from the manifold to the exhaust with a 36 mg/m3 manifold result and
an average 24 mg/m3 tailpipe result. The final results for the LHD measured 42 mg/m3 on the
manifold and 14 mg/m3 on the tailpipe. This was a doubling of the initial efficiency to 66%.
The improvement in this case was seen only on the tailpipe, after the aftertreatment devices,
with the engine itself showing a higher result at the end of the research project. One of the
reasons behind this was that several of the vehicle’s scrubber tanks were due to go offsite for
cleaning due to restrictions. Details of restriction in scrubber tanks have been discussed in
Section 4.6.1 above.
Although not initially part of the research project, it was determined that an investigation into
filtration efficiency and reasoning behind lower than expected filtration inefficiencies was
important, and thus undertaken. This was made more relevant as there are several filters
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being manufactured within Australia as well as being imported from China and America, and
as a result of a change in requirements by the Statutory Authority it is now up to the
purchaser, usually the mine operator or person conducting the business or undertaking, to
determine if they are adequate for use. To be adequate the component must meet the ‘fit,
form and function’ of a design registration and not affect the health and safety of those using
it. The NSW Resources Regulator published a Factsheet (NSW Resources Regulator 2018)
addressing Plant design registration and included ‘fit, form and function’. The factsheet states
“The use of alternative component parts in design registered plant that do not adversely affect
health and safety, and which have been independently verified as achieving an equivalent (or
better) level of safety, may not be inconsistent with the design registration for the plant.
The mine operator or person conducting the business or undertaking (PCBU) must ensure that
interchangeable component parts do not adversely affect health and safety and have the
same ‘fit, form and function’ as the original component part.”
Prior to the Resources Regulator releasing this factsheet placing the onus of the ‘fit, form and
function’ on the mine management, they required a full Diesel Engine System modification
registration inclusive of all testing as specified in AS 3584 and MDG 29 with verification, and
the Regulator would assess if it was adequate for use. This former system appears to be more
robust with less likelihood of data being misunderstood or represented in a manner that is
not fully understood by mine mechanical engineering or purchasing personnel.
Each DDEF uses a different media and are manufactured to suit specific machines. They each
have an individual filtration efficiency, expected filter life and cost per filter. The filter life and
cost per filter are important factors for mines. Prior to 2018 it could be assumed that
approved DDEFs would provide the recommended filtration efficiency, however this is no
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longer the case.
4.6.2.3 Methodology
The aim of this part of the research was to determine the filtration efficiency of a variety of
filters on a diesel test-rig followed by testing in-service operational diesel vehicles fitted with
DDEFs at Dendrobium, and to determine if there was a difference in the results from these
two methods. An additional aim was to determine why filter results for the research project
were not in line with the advised filter efficiencies.
The testing of filters on the test rig was conducted in accordance with the method described
in MDG 43 Technical standards for the design of diesel engine systems for use in underground
coal mines (Department of Industry Resources and Energy 2015). This is the current statutory
test method. The method is described in Section 3.7 of MDG 43 and states:
1. “The diesel engine system must be operated at intermediate speed at full throttle
setting for at least 6 hours with a clean particulate filter installed. The test must be
carried out with the engine dynamometer set at a speed priority mode, with the torque
values decreasing as filter blockage increases.
2. Gaseous emissions, exhaust backpressure and exhaust temperature must be recorded
at the start and end of the test.
3. DPM or EC readings, using a device which complies with Section 8 of MDG 29:2008,
must be taken at 0, 5, 10, 15 minutes and then every 15 minutes thereafter for six
hours. In addition, DPM readings should be taken each hour using a partial or full flow
dilution tunnel.
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4. For constant speed engines, this test must be carried out at rated speed at full throttle
setting.
5. The diesel engine system must still be in a safe condition of use at the end of the six
hours.”
The filtration efficiency is then calculated as the percentage of DPM removed by the filter as
an average over the 6 or more-hour sampling period.
This method was used to test four different PTV DDEFs that were either in use at Dendrobium,
were common to other mine sites, or the site was considering implementing them (Table
4.20). The filters were tested over one hour only to determine what the filtration efficiency
was from commencement of use, and if they achieved their expected efficiency.
Table 4.20

DDEFs tested on Test rig over one hour
Filter Identification

Description

A

Microfresh DA 100

B

Cosway C100A

C

VLI (5-04108101)

D

FST 115 – 12.5

The test rig consisted of a Detroit Diesel 706LTE engine fitted with a hydraulic system to
induce the required load as per MDG 43. A high-volume pump with a flowrate of 10 litres per
minute was used to collect DPM samples at the start of the test and at 15-minute intervals,
both pre- and post- the individual DDEF being tested. Samples were collected on 37 mm SKC
Inc quartz filters (catalogue number 225-401).
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Analysis was conducted at Sunset Laboratory Inc, Portland, USA using NIOSH method 5040
(NIOSH 2016). The oxygen injection cut point was used to separate the elemental carbon.
Results were reported as mg/m3 EC.
The second method was based on MDG 29 and the statutory raw exhaust method for DPM in
underground vehicles (NSW Department of Primary Industries 2008), and is the same method
as used to collect the EBM exhaust samples as detailed in Section 4.3.1. This test involves the
vehicle being suitably restrained to restrict movement, transmission placed in 3rd gear and
the vehicle operated to give a 20-second period of idle followed by a 20-second period of full
load with a subsequent 20-second period of decay to idle (resulting in a 60-second overall
sample collection). The pre-filter sampling point was the manifold statutory gas sampling
point and the post-filter sample was collected after the DDEF. The filtration efficiency was
calculated from the pre- and post-DDEF results as an average percentage over the 60-second
test. Prior to testing all leaking filter housing seals, and loose or missing filter housing lid
retaining mechanisms were repaired, to ensure the filters were as efficient as possible, and
all exhaust was passing through the filter.
DPM sampled on site during the EBM programme was generally conducted on new filters to
reduce variability. New filters were placed into the filter housing prior to testing for both tests
used to determine filtration efficiency to be consistent with EBM sampling. This eliminated
the variability that engine duty cycle may have had on the filter, the amount the filter was
‘used’, varying backpressures, and allowed a more consistent basis for testing.
Due to operational conditions at the mine only Filter A (Microfresh DA100) and Filter C (VLI
5-04108101) were tested using this in-service method. Filter A was tested in an LHD and Filter
C was tested in a PTV. Testing was undertaken using the Diesel ChekMate® Mark II raw
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exhaust diesel particulate analyser calibrated in milligrams per meter cubed (mg/m3) EC as
described in Section 4.3.2.
4.6.2.4 Results
The results of the first test method are shown in Table 4.21. Figure 4.53 shows a comparison
of filtration efficiencies of the four DDEFs tested, and Figure 4.54 are photos of the sampling
filters prior to analysis. The left-side of each DDEF filter photo is the pre-filter sample, which
is consistently dark grey to black in colour, and the right-side is the sample for post the DDEF.
The whiter (or cleaner) the right-side is the more effective the DDEF has been at removing
DPM.

Filter A

Filter B

Filter C

Filter D

Percentage Efficiency

100

80
60
40
20
0

At start

15 min

30 min

Minutes of use

Figure 4.53

Filtration Efficiencies over time for four DDEFs
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45 min

Figure 4.54 Pre (left side of each photo) and post (right side) sample filters prior to
analysis for individual DDEFs
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Table 4.21
one hour
Filter
number

Elemental carbon (EC) analysis pre and post DDEF at 15-minute internals for

Time (mins)

Pre-DDEF EC
mg/m3

Post-DDEF
EC mg/m3

Filtration
efficiency
(%)

0

27.5

0.07

15

25.3

<0.01

100

30

26.6

<0.01

100

45

26.2

<0.01

100

0

22.4

0.2

99.1

15

24.2

0.03

99.9

30

20.5

0.06

99.7

45

21

0.03

99.9

P-value

99.7

A

B

0.0001
0

32.2

6.2

80.7

15

31.4

2.2

93

30

29

0.1

99.7

45

28.8

0.04

99.7

0

27.2

20.6

24.3

15

27.6

15.4

44.2

30

27.6

10.3

62.7

45

28.5

8.2

71.2

C

D

Table 4.22 shows the result of this in-service testing of Filter A and Filter C.
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Table 4.22

Fleet average of in-service testing of DDEFs at a mine site

Vehicle Type
Personnel
Transportation
Vehicle (PTV)
Load Haul Dump
(LHD)

Filter

Filtration Efficiency
New Filters (%)

Filtration Efficiency
Used Filters (%)

VLI (5-04108101)

62

53

Microfresh DA 100

69

50

4.6.2.5 Discussion
Results of four DDEFs tested on the stationary test rig differ in the time it takes the filter to
achieve maximum efficiency as seen in Table 4.22 and Figure 4.53. Filter A and B achieved
their maximum filtration efficiency immediately, while Filter C required up to 30 minutes to
achieve maximum filtration efficiency and Filter D did not achieve maximum filtration
efficiency by 45 minutes (P = 0.0001). In America, a testing protocol used by Mine Safety and
Health Administration (MSHA) allows all filters to be prepared by loading it for several hours
with DPM to undergo a ‘degreening’ process before testing (Bugarski 2016). This allows the
filters to be at their maximum or close to maximum efficiency. Thus, the resultant filtration
efficiency reported by MSHA would be artificially higher for a filter loaded in-service and
expected to work immediately. Essentially this assumes that mine operators would ‘degreen’
their filters prior to use. This approach is not allowed in MDG 43 with a new filter being used
from the commencement of testing. However, when reporting a single value efficiency from
a 6-hour or more test, the overall efficiency can readily reach, and average out to be at least
85% efficient.
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The NSW Regulators are aware there are limitations to DDEFs and provided a Safety Bulletin
in 2018 highlighting the fact that filters may have a ‘greening in’ period (Note: ‘degreening’
and ‘greening in’ are the same process) (Mines 2018). Although the Bulletin refers to ‘greening
in’ periods and being aware of this when choosing an ‘appropriate’ filter, there was no
reference as to what should be done during ‘greening in’ or how it may affect people.
Essentially though workers are potentially being exposed to a higher level of DPM than would
occur with a DDEF that is at maximum efficiency at the time it is inserted into the filter
housing.
The filters tested using the second method (on-site testing) showed much lower filtration
efficiencies than the reported filtration efficiencies of >85% based on the MDG 43 statutory
test method. The results in Table 7.3 indicate that DPM was either by-passing the filter or
migrating through the filter. It was noted that some LHD vehicles were operating at high
backpressures of up to 25 kPa (note: this backpressure is taken on the exhaust manifold and
differs to the backpressure that shuts the engine down at over 20-21 kPa). Such a high
backpressure may result in poor sealing between the DDEF and the canister housing thus
permitting exhaust to bypass the DDEF. Thorough inspections were conducted by
experienced mechanical maintenance personnel and no obvious leaks were found.
During the in-service testing, a PTV that underwent a Code D major overhaul, was returned
to site and was emissions tested after approximately two hours of use. Thus, if the filter was
not initially operating to its highest efficiency, after 2 hours operation it should have been.
The results in Table 4.23 show that the filter only had a 29% efficiency. This result was verified
using two different methods, that being the Diesel ChekMate®, as well as collecting a sample
and having it analysed via NIOSH Method 5040. A thorough inspection of the exhaust system
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and filter housing found no leaks and the exhaust backpressure was < 5 kPa.
Table 4.23

PTV DDEF testing post- major vehicle overhaul

Filter

Location of test

EC Results (mg/m3)

Pre-DDEF Test

14

VLI (5-04108101)

Filtration Efficiency
(%)
29

Post-DDEF Test

10

Bugarski et al (2012) state that the filtration efficiency is a function of engine DPM emissions,
with higher engine emissions producing higher filtration efficiency numbers. Bugarski et al
(2006) reported on testing that demonstrated the difference between high idle conditions,
where there is limited load on the engine – efficiency 72%, to an engine under maximum load
(torque converter stall) 90% efficiency. The lower filtration efficiency at reduced engine load
against the higher filtration efficiency at high engine load and the results from this research
indicate that engine load and the resultant variation in emissions plays an important role in
the determination of the filtration efficiency of a DDEF. The untreated exhaust from the
vehicle tested in this research project was relatively low (14 mg/m3) and thus it may take extra
time for the DPM to build up on the filter improving filtration. If this process occurs with all
in-service filters, then the real filtration efficiency is potentially much lower than that
indicated by the current MDG 43 testing regime. Davies (2004) found similar reduced
efficiencies in in-service engines.
The results of this research, and those found by Bugarski et al (2006) and Davies (2004),
indicate the use of a stationary test rig under constant heavy load as required in MDG 43, may
artificially manipulate the measured filtration efficiency of the tested DDEF when compared
to that achieved when testing the DDEFs using the in-service method. In addition, not
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reporting or making clear the length of time it takes for a filter to become efficient or for
‘degreening’ of the filter to occur is not in the best interests of the health and safety of
workers.
4.6.2.6 Conclusion
The length of time a filter lasts, and also the efficiency of the filter depends on many variables
such as scrubber water level and cleanliness, engine load and speed, road conditions and
speed travelled (a greater amount of scrubber water enters the filter in rough conditions),
driver acceleration techniques – rapid on and off the throttle shortens the filter life, timing of
the used filter change based on a signal to change a filter – a backpressure reading, a warning
from an electronic engine, engine oil cleanliness, and engine condition. Some of these
increase the effectiveness of a filter by making it more difficult for particles to pass through
and thus they are captured i.e. filters are more efficient when they are becoming clogged.
However, if they become too clogged, then backpressure on the engine dictates they must be
changed.
This part of the research project has found two important factors with respect to DDEFs. The
first is that some filters may require degreening prior to becoming efficient. The second being
they may not become efficient for a long period of time, if the engine is a clean, low-emitting
engine, that is not run under high load all shift.
The result of these findings for workers is that if DDEFs are being changed regularly, and the
filter has a degreening requirement, then they may be being exposed to higher than
anticipated levels of DPM more frequently. If the DDEFs are operating on low emitting
engines, and the filters are being changed prematurely due to site culture or other trigger,
then the filters are not working at their most efficient for at least a portion of the time they
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are in use, and again, workers may be being exposed to higher levels of DPM than anticipated.
As can be seen from Filter A and B, there are filters currently available that, at the
commencement of exhaust passing through the DDEF, are at their full efficiency, and thus
workers would be protected immediately.
4.6.3

Disposable diesel exhaust filter housing seals

DDEFs must be installed and contained within properly maintained filter housing to work to
their design specification. The housing holds the filter in place and directs the exhaust flow
through the DDEF. With respect to the exhaust flow there are two options of filtering DPM
from exhaust. The first option filters the exhaust from the inside to the outside of the filter.
This means the particulate is collected on the inside of the filter, and the outside of the filter
remains relatively clean. The second option is filtering the exhaust from the outside to the
inside, so the particulate is captured on the outside of the filter. The direction of flow and
filtering depends on the vehicle itself and the engine package that has been approved. The
two vehicles used within this research project differ in their exhaust flow through the filter.
The LHDs filter from the inside to the outside of the filter, and the PTV filter from the outside
to inside the filter.
Regardless of how the filter works, it is imperative that the filter is sealed properly within the
filter housing unit to ensure bypass of the filter does not occur. The DDEF is designed to fit
tightly into the filter housing so that the exhaust is forced through the filtration media. Filters
require a gasket or mat to form a tight seal between the DDEF and the filter housing. The
layout of the gasket and the filter differs between having a mat or seal glued to the filter itself
or having separate gaskets that sit within the filter housing, or a combination of both (Figure
4.55). This seal helps to provide a leak-tight seal within the housing by applying pressure on
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the lid of the housing to the filter. The filter housing itself also has a seal on it – either on the
lid, or on the base of the housing to ensure the exhaust is forced out through the exhaust
pipe, and not from the filter housing. This is particularly important for filtering systems that
are designed to filter from the outside of the filter in, as the exhaust escaping from the filter
housing is more likely to be unfiltered in this instance.

Figure 4.55 Disposable diesel exhaust filters with a filter seal (left and middle) and
without a filter seal (right)
The NSW Resources Regulator reported in March 2018 a number of cases where the filtering
of DDEFs was ineffective due to seal issues (Mines 2018). Determining if the filtering of DDEFs
is ineffective can be done in several ways:
1. A simple visual inspection where it may be observed if exhaust is not entering the filter
housing and filters;
2. A visual inspection to determine if exhaust is escaping the filter housing through a
broken or damaged seal on the lid or housing rather than going through the filter or
going out the exhaust;
3. By checking backpressure on the engine; or
4. By measuring the DPM before and after the filter to determine the efficiency of the
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filter.
Leaks are easily visually evident through either fume or moisture escaping sealed areas,
particularly when a vehicle is placed under load. If the backpressure does not increase when
the vehicle is placed under load, this indicates a leak. If the result is higher after the filter than
expected, this could also indicate a leak. Care must be taken though when sampling, because
in some cases DPM at the exhaust outlet may be low and rather than being due to efficient
filtering, the exhaust may not be reaching the filter as it escapes via a hole before entering
the filter housing.
4.6.3.1 The problem
During initial inspections of filter housing and seals it was noted that 40% of filter housings
did not have seals with sound integrity and thus the exhaust was unlikely to be filtered as well
as was expected. Two examples on a PTV are shown in Figure 4.56. Over the course of the
research project, it became evident that this was a common problem with PTVs due to the
design of the filter housing. The lid for the housing closes on this rubber seal, and unless it is
perfectly aligned, the lid pinches and breaks the seal.
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Figure 4.56

Ineffective filtering due to broken and twisted filter seals in PTV

During sampling of two LHDs with side mounting filter housing, it was noted there was little
difference between the DPM (EC) measured before the filter (34 mg/m3) compared to after
the filter (24 mg/m3). When this was investigated, the integrity of the seals had deteriorated
to the point where there was a 5 mm gap between the filter and the seal, and the exhaust
was, going around the filter and out of the exhaust, rather than through the filter. The
squashed and unserviceable seal was approximately one third the size of a new seal (Figure
4.57).

Figure 4.57

Old squashed seal versus new seal for an LHD
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A review of OEM maintenance requirements under a Code A, B, C and D for both the LHD and
the PTV did not have a requirement to check the filter seals or the filter housing, nor was it
on daily (103) maintenance checklist requirements. There was a reference to check the filter
housing was not leaking, but there was no replacement regime or recommended timeframe
to changeout the filter seals.
Several scenarios which were identified during the research were also noted in the Regulators
Safety Bulletin in March 2018 (Mines 2018) such as when filter housing seals that are designed
to clamp and hold the filter in place were not fitted, were missing, or had compressed to the
point they were no longer effective in clamping the filter in place or providing a seal. It was
also noted that exhaust pipework that directed the exhaust to the filter housing either had
holes, or the clamp holding the pipe onto the filter housing was not in the correct position.
The NSW Regulator also reported on filters that were similar in appearance, but slightly
different in construction such as in length or with sealing rings not installed being
inadvertently used in incorrect machines, thus creating an ineffective filter system (Mines
2018).
4.6.3.2 The solution
There are several solutions or controls that could be implemented to improve the current
filter housing problems.
The first is the design of the seals. In the case of the Coaltrams with the side mounting filters,
the OEM has fixed the problem of compressed seals by updating the filter seal material and
design on the housing. This action was taken by the OEM because of the findings of this
research project. Figure 4.58 shows the original filter sealing system that was in place at the
start of the project which is a similar filter seal to that shown in Figure 4.57 where the filter is
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highly compressed. This filtering system relies on the filter seating firmly against the inlet of
the exhaust (at the back of this housing), as it filters from the inside of the filter to the outside.
The old system needed a much thicker piece of foam material to hold the filter in place as it
positioned in the middle of the filter when the lid is closed. The new system uses a less
compressible, tougher material which pushes against the outside edge of the filter, rather
than in the middle of the filter, allowing a larger surface area to push the filter against the
back wall of the filter housing, as well as using a material that is less prone to compaction
(Figure 4.59). This is one successful solution to ensuring the exhaust is not escaping the filter
housing unfiltered.

Inside seal

Outside seal
Figure 4.58

Original side mounted Coaltram filter housing sealing system
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Inside seal

Outside seal

Figure 4.59

Updated ‘inside seal’ sealing system

In addition to this, the OEM requirements for checking the filter housing and the filter seals
particularly, could be improved with specific, yet succinct information to prompt the
mechanical maintenance personnel undertaking the service to review the system properly.
This should ensure that filter seals are not left until they are no longer effective. On at least a
weekly basis, it would be beneficial if the following was conducted:
•

Visual inspection of the filter housing and pipework leading to and from the filter
housing to ensure the exhaust is properly entering and leaving the filter housing

•

Visual inspection of the filter seals to ensure their integrity, and that they have no
holes, twists and are not significantly compressed

The integrity of these seals is vital for the best use of diesel particulate filters.

4.7

Ongoing data collection and data management

As part of statutory requirements, mine sites must collect emissions data from their mobile
diesel fleet on a regular basis. This can be done in several ways and the chosen method is at
the discretion of the mine so long as they can ensure sampling complies with designated
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requirements. Due to the implementation and ongoing use of EBM, Dendrobium improved
their emission data collection to be representative of the vehicle’s emissions and useful for
understanding maintenance needs. This change was approved by the Regulators and the
process is presented in Section 4.7.1.
EBM generates a significant amount of data that is best applied immediately to gain the most
impact. To be utilised the gas and particulate data needs to be interpreted against target or
expected values, and possible maintenance issues identified. To enable EBM to be sustainable
in the long term, an improved way of handling data to facilitate fast data interpretation
allowing mechanical maintenance personnel to conduct maintenance in a timely manner is
required. An integrated management system to collect diesel emission data with
interpretation of results in near real-time would be beneficial. There is potential for this
research to continue further in this direction. However, in the short term, immediate
improvements were made at the intervention site to utilise collected data more efficiently.
The problem and the solution are presented in Section 4.7.2 and is a readily transferred
solution to any site undertaking regular mandatory testing by a third party.
4.7.1

Mine atmosphere exhaust gas sampling improvements

It is a requirement of MDG 29 for underground coal mines to implement a testing programme
to monitor the gaseous emissions being emitted into the underground environment from
every operating engine on either a weekly or monthly basis (NSW Department of Primary
Industries 2008). The aim of this monitoring is to ensure that diesel engine and pollution
aftertreatment devices are kept in optimum condition and the risk to the health and safety of
workers does not increase due to exposure to excessive gaseous emissions. There is no
requirement for the site to monitor DPM within this monitoring. The testing programme can
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be tailored by individual mines within the scope of MDG 29 as described below. The difference
between the weekly or monthly sampling is dependent on the accuracy and repeatability of
sampling equipment and procedures.
MDG 29 prescribes two preferred methods for this process, both of which require the engine
to be at operating temperature and the engine exhaust sampled for CO, NO and NO2 at
maximum load or maximum power output as described in Section 4.3.3 (NSW Department of
Primary Industries 2008).
The first is ‘Mine Atmosphere Testing’, where, at least weekly, every diesel engine is tested in
a ventilation section of normal underground roadway. The testing regime is carried out in
accordance with the Mine Roadway Testing at “20 metres away from the diesel on the return
side (i.e. with the engine exhaust flowing in the same direction as the ventilation towards the
testing device), and at 1.5 metres above the floor using a calibrated portable digital or
analogue device”. The testing must be done in an area of normal ventilation not less than the
statutory amount for the individual engine type.
The second method, and the one preferred in MDG 29 due to the possibility of trending data
to allow better repeatability of results, is using a Diesel Test Station (DTS), where at least once
every month every diesel engine is tested in a DTS. A DTS is a purpose-built testing area where
the levels of gases from an exhaust of a diesel engine can be measured under controlled
conditions which mimic operational use. These test stations are set up underground and the
ventilation quantity is changed to the minimum specified airflow for that vehicle, thus giving
a worst-case result. The location of the measuring equipment is the same as the weekly Mine
Atmosphere Testing.
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4.7.1.1 The problem
Standard practice at Dendrobium was to undertake mine atmosphere gas testing at the mine
entry portal on a weekly basis for each engine. Two mechanical maintenance personnel were
required to complete the testing. One to operate the vehicle, and one to operate the sampling
equipment. They would drive each vehicle to the mine entry portal and test the emissions
using a calibrated Drager X-am 5000 handheld digital gas meter in accordance with ‘Mine
Atmosphere Testing’ outlined above in the first of the two methods (NSW Department of
Primary Industries 2008). Of the two methods, this process was selected as Dendrobium Mine
had not installed a diesel test station due to several operational factors including the
significant amount of time travelling to and from a test station and high capital cost to
establish a DTS. The diesel workshop where the weekly maintenance is conducted is on the
surface at Dendrobium and locating a DTS in an appropriate location underground would take
a 3 to 4-hour round trip from the workshop to conduct the test. This significant time outlay in
addition to the set-up cost of approximately $250,000 as advised by the Mechanical Engineer
in charge (Monkman, 2017 pers. comm., email, 18 July) were the main drivers behind using
portal sampling.
In early 2017 a Diesel Targeted Assessment Program (TAP) was conducted at Dendrobium by
the Department of Industry, Resources Regulator, Mines Safety. A TAP is a “planned, proactive
program that assesses the overall effectiveness of an operators attempt to control critical risk”
(NSW Department of Planning and Environment 2017). The aim is to have a cross-section of
inspectors from varying disciplines to conduct a thorough assessment of the hazard, control
measures available and implemented, in conjunction with the mine management. One of the
outcomes of the TAP at Dendrobium was the requirement to improve the way that statutory
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gas testing data was used as Dendrobium did not have a robust system for dealing with
‘Exceedances and Failures’ from this testing. Sites also have an obligation under clause 53 of
the WHS Regulations to compare the engine exhaust tests against the baseline and perform
maintenance so that the emissions are as low as reasonably practicable (ALARP).
Implementation of the EBM project was occurring at a similar time, and it was determined
that better use of the data could also tie in with the research project.
During the Diesel Targeted Assessment Program TAP held in early 2017 by the Resources
Regulator, it was determined that the mine entry portal was not an appropriate location due
to high ventilation quantity of 40 m3/sec. The ventilation quantity is supposed to be similar to
the minimum air quantities required for the individual diesel engine systems as determined
in Section 4.3.1 of MDG 29 Minimum Ventilation Quantity, which can be as low as 3.5 m3/sec
(NSW Department of Primary Industries 2008, p. 30).
Investigation of the approved test procedure raised several questions regarding the sampling
requirement of being 20 m on the return side of a vehicle and 1.5 m off the ground. The origins
of this sampling protocol were researched and were unable to be verified even by the
regulator (Skeen 2018, pers. comm., email, 7 August). Work by Morla et al (2019),
demonstrated that air velocity in a roadway plays a major role in the DPM concentration as
the distance from the vehicle changes. Measurements were taken at 1.2 m high and at a
distance from 0 m to 40 m to the return side of a vehicle (Figure 4.60). As can be seen from
the Figure 4.60, at 20 m, the DPM varies dramatically depending on the velocity.
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Figure 4.60
2019)

DPM concentration over distance with changing air velocities (Morla et al.

4.7.1.2 The solution
As the EBM research project had been started at Dendrobium at the time of the TAP and was
integrated into the mines maintenance system following the scheduled 250-hour service of
each Coaltram and PTV, it was proposed that the EBM replace the requirement for weekly
Mine Atmosphere Testing at the portal. The EBM testing collects all the required exhaust
contaminants in addition to diesel particulate matter, and the equipment used had shown to
be reliable and repeatable (Hines & Davies 2015). The software that stores the results for each
engine and test can be used to profile engines over time and has target values entered for
each engine type.
The NSW Department of Industry – Mine Safety, who conducted the TAP was accepting of
this proposal with the addition of all other vehicles in site, including contractor vehicles, to
the EBM programme. This is a good solution to this problem, as Dendrobium is now collecting,
and acting on usable data to maintain their engines to a better standard. In addition, they are
not adding a long-distance drive for every vehicle, every week to an underground DTS which
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would add to fuel consumption and emissions into atmosphere.
The variability in results depending on the air velocity of the roadway and the distance behind
the vehicle is irrelevant when conducting EBM as measurements are taken on the manifold
and the tailpipe, before the exhaust emissions are diluted by the general atmosphere. This
eliminates the question of the most appropriate place to monitor either in a roadway or a
DTS.
4.7.2

Three-monthly testing and data use maximisation

Statutory exhaust emissions testing occurs at Dendrobium in accordance with MDG 29
Section 5, which is summarised in Section 4.2.6 and outlines four levels of statutory emissions
testing required by a coal mine operator. The fourth level of this emissions testing occurs each
three months and is summarised in Figure 4.61.
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Figure 4.61

3-monthly gas test requirements as per MDG 29 Section 5

4.7.2.1 The problem
The continuous three-monthly emission testing generates a significant amount of data that
requires checking against statutory and individual baseline results for every engine on site.
Statutory comparison is simple, as the allowable maximum levels do not change, and the
licensed laboratory immediately ‘fails’ the engine (Figure 4.62) if the measured levels are
above the statutory compliance levels. The engine then undergoes maintenance, and can
possibly be retested that same day, or soon after, to allow it to be used underground once
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again (Figure 4.63).

Figure 4.62

Failed 3-monthly test on NOx, over 750 ppm

Figure 4.63
variation

Re-test of failed 3-monthly test, CO, NOx and DPM outside baseline
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However, comparison with baseline testing does not usually occur until the report is
generated, at some time after the testing. The site then receives the testing report and
reviews the results to determine which, if any, machines are outside their allowable variances
(Figure 4.63). These machines are then required to be “checked at the next maintenance
opportunity and brought back to baseline condition” (NSW Department of Primary Industries
2008). The next maintenance opportunity may be their weekly maintenance, by which time
somewhere between one to three weeks has passed, and the engine has been emitting higher
than allowable exhaust for this time. It has been observed by the researcher on various sites,
that at times the engine may not be maintained back to baseline condition, until it exceeds
the statutory limits. This occurs for a number of reasons, including the inability for workshop
personnel to check the engine is within the allowable baseline variances prior to having the
licensed laboratory attend site, the expense of having the licensed laboratory attend site to
verify the machine has been maintained to baseline levels, the time it takes for the process
of maintenance and verification to occur, and particularly if the maintenance conducted did
not fix the initial problem causing the high emission levels.
In the case of the driftrunner in, Figures 4.62 and 4.63, the air to fuel ratio was adjusted on
the day it failed and was maintained below the statutory limits. CO, NOx and DPM remained
outside the baseline variation limits after maintenance, which was not known until the report
was received, one week later. There was no evidence these issues were addressed prior to
the next three-month sample.
4.7.2.2 The solution
As a result of implementing EBM, and the ability to measure their own emissions on site as
required, Dendrobium made a significant and beneficial change to the process of three172

monthly emissions testing and data collection with immediate understanding of baseline
variations. The process evolved from data collection to proactive use of the data to maintain
the engines that were out of the required specification.
To facilitate this change, baseline data for the Dendrobium fleet was recorded into a Statutory
Emissions Test Register for all vehicles onsite along with the MDG 29 statutory limits and
allowable variations. A Trigger Action Response Plan (TARP) (Appendix 19) was also developed
to provide guidance around what to do if an engine recorded an exceedance or fail during the
three-monthly testing. The outcome of the TARP was the ability to prioritise and fix engines
closer to baseline in a timely manner, allowing a retest to occur while the licensed laboratory
was on still on site before the vehicle was released back for operational duty.
The licensed laboratory was provided with the Statutory Emissions Test register as a paper
copy to fill in and the TARP prior to emissions testing, with instructions to fill in the
information as testing was completed and follow the TARP. Figure 4.64 is an excerpt of the
first page of the Statutory Emissions Test Register showing the individual baseline results for
each machine, the individual variations of the MDG 29 limits and two spaces to record results.
The second test line is in case a retest is required, following maintenance if Test 1 was outside
the MDG 29 variation allowances.

Figure 4.64 Dendrobium statutory emissions test register with statutory limits, baseline
value, allowable maximum variation
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To ensure the TARP could be executed at the time of three-monthly testing, additional
mechanical maintenance personnel were employed to be on site during this week. Their role
was to maintain the engines to be closer to the baseline and below the allowable MDG 29
variation while the licensed laboratory, in this case Coal Mines Technical Services (CMTS), was
on site testing other engines.
4.7.2.3 Further work
These changes to data collection, interpretation and use has been of benefit to the site and
can only serve to improve emissions from engines. However, there is still scope for
improvement both from the baseline testing of individual vehicles and the ongoing exhaust
emissions testing.
There is no requirement during 3-monthly emission testing conducted by licensed
laboratories to maintain CO2 within a required percentage of type testing or baseline testing
results. This differs from baseline testing which stipulates “CO2 concentration shall not exceed
that obtained during type testing by more than 8% (relative)”(NSW Department of Primary
Industries 2008, p. 34). CO2 is an excellent indicator of load on an engine. The bigger the
variation in load on the engine, the larger the perceived variation in exhaust emissions. As
previously stated 6% is the cut-point at which an engine has been loaded adequately to
provide a valid sample (NSW Department of Primary Industries 2008, p. 38). A review of the
statutory test data indicates that so long as 6% CO2 is achieved the sample is recorded. CO2
data from one vehicle in one three-month period varied from 6.9 to 9.4% CO2. This far exceeds
the allowable 8% variation from type test to baseline test and raises the question how 3monthly emission results collected at different load levels (as indicated by different CO 2
levels) can be compared to baseline data, and thus if a result of EXCEED or FAIL is valid. Data
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within this research project was normalised to the average CO2 result prior to data analysis.
The licensed laboratories 3-monthly report does not flag DPM if it is outside the allowable
variation as shown in Figure 4.62. This would mean that sites are not aware that DPM requires
addressing to bring it back to baseline. It is unclear why DPM is not highlighted as an EXCEED.
However, this may be attributed to the fact that sampling is conducted in an empty filter
housing with the lid closed as much as possible, although unable to be completely secured as
the sampling line obstructs the lid. This is poor sample collection practice and a more
appropriate sampling method such as the ERP Mixing Unit should be used.

4.8

Discussion

The objectives of this part of the research project were to:
1. implement EBM on two main vehicle types, namely a load haul dump (LHD) machine
and a personnel transportation vehicle (PTV), and
2. reduce diesel exhaust particulate and gas concentrations emitted from the fleet
A further outcome of determining realistic calibration frequency requirements, ensuring
equipment was operating accurately with realistic timeframes for laboratory style gas
calibration was included. Calibration of monitoring equipment can be an onerous task
requiring the use of expensive calibration gases with the task itself not seen as important, or
as part of the normal tasks of the user, in this case the mechanical maintenance personnel.
At the onset of this research project, it was determined that the researcher would conduct
the calibration of the ECOM gas analyser with a view to recommending a reasonable and
reliable timeframe for ongoing calibration. Calibrations were initially conducted on a weekly
basis, and this time period moved out to a monthly basis. The results demonstrated there was
no statistical difference between the weekly or the monthly samples with the initial
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calibration, or the monthly results with the exception of NO which was significant for the final
results. This significance is likely due to the very small variance in the monthly monitoring
results of 0.1 compared to the weekly variance of 2.7. Therefore, there is very little variation
within the results between weekly or monthly sampling. Consequently, it was recommended
that when the ECOM is used on a regular basis, 3-5 times per week in a dusty industrial setting,
like a coal mine, the gas analyser is calibrated monthly using laboratory gas. Further testing
could increase this length of time.
A control and intervention site were involved in the study to scientifically demonstrate the
benefits or otherwise, of an EBM programme. Studies on EBM of diesel engines have been
conducted in underground mines previously (Davies 2004; McGinn 2000) however, no
scientific studies in regards to the effect on worker exposure and fuel consumption have been
conducted in large scale underground coal mining operations.
At the onset of the research project it was anticipated that the exhaust emissions would be
similar throughout the sampling period for the control site, Metropolitan, as there was no
additional maintenance scheduled to be conducted at the site for the duration of baseline,
midpoint and final sampling. It was noticed during baseline monitoring at Metropolitan but
was particularly prevalent during midpoint sampling, that exhaust emission results at the
tailpipe were unlikely to be representative of the actual tailpipe emissions due to the amount
of exhaust that was not reaching the filter housing or was bypassing the filters and thus not
being filtered. Bypassing exhaust was visible and was due to obviously defective pipework,
piping that was not connected to the filter housing properly, or lack of gaskets and seals to
ensure the filters were positioned and able to function properly. From personal observation,
this scenario was particularly true on the LHDs and to a lesser degree the PTVs. During the
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research project, between the midpoint and final sampling, the site was required to make a
change to immediately fix the exhaust pathway including the particulate filter housing
connections and seals, and reduce DPM emissions with a view to reducing worker exposure.
Subsequently, due to the effectiveness of the intervention on the site, changes in emissions
were measured at Metropolitan, most noticeably between the midpoint and final sampling
and these are discussed below. The unforeseen intervention at the control mine affected the
outcome parameter tailpipe DPM exhaust emission during the final campaign, however, since
both within and between mines comparisons were available, the study results were not
deemed to be corrupted.
There was a significant improvement in EC from the midpoint sampling to the final sampling
on the combined Metropolitan vehicles resulting from the exhaust pathway improvement. At
the same time, there was a significant increase in NO2 on the manifold that may be attributed
to the unplanned intervention.
The combined vehicle exhaust results at Dendrobium showed a significant reduction for the
NO2 and EC tailpipe emissions, but not on the manifold, indicating that there was a reduction
in emissions due to maintenance on the exhaust system, not necessarily due to maintenance
on the engine.
The combined vehicle results between the sites showed significantly higher NO2 at the
baseline testing on the manifold at Metropolitan and significant higher CO on the tailpipe.
During the midpoint sampling there were no significant differences on the tailpipe. However,
the manifold results for NO2, CO and EC were significantly higher at Metropolitan than for
Dendrobium, indicating the engines were in a cleaner state at Dendrobium. The final testing
showed significantly higher NO2 on the manifold at Metropolitan, and interestingly, the EC
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was significantly higher at Dendrobium than Metropolitan when comparing the combined
vehicles, which may have been due to restrictions in the exhaust pathway of some of the
vehicles. The improvement in EC emissions at Metropolitan can be attributed to the
improvement to the exhaust system.
Reviewing the data for the PTV’s and LHD’s showed a significant decrease in NO2 between the
manifold and the tailpipe at both Metropolitan and Dendrobium. LHD results at Dendrobium
were significantly different between the baseline and final sampling, suggesting that
additional maintenance such as removing exhaust restrictions on the LHDs was conducive to
reducing NO2. A reduction in NO2 has been shown to occur when exhaust passes through a
catalytic converter in lower temperature exhausts (Bugarski et al. 2015). If exhaust
temperatures are kept below 250oC, then NO2 can decrease by as much as 77% (Bugarski et
al. 2015). However, NO2 is likely to increase with temperatures above 250oC. Temperatures
on the exhaust of the vehicles involved in this study were below 250 oC and thus the
phenomena of reduced NO2 is likely to be a result of this.
The final EC data on the manifold of the Metropolitan PTVs was measured as being very low
(13 mg/m3) compared to the baseline (44 mg/m3) and midpoint results (60 mg/m3). This final
EC result may be artificially low due to the specific and limited number of vehicles available
for testing during the final testing period although one PTV had recently had a new fuel pump
installed which changed its individual EC value from over 24 mg/m 3 to 10 mg/m3 on the
manifold. It is possible that in addition to filter seals and connection to the filter housing being
improved, that timing on the engines was also changed during this time. This is supported by
the evidence of NO2 increasing at the same time DPM was decreasing (Waytulonis 1985). The
overall result demonstrates the importance of including all vehicles of the same type in the
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testing, particularly when there are low numbers of vehicles. If all vehicles are not included,
then the results can be artificially driven up or down as in this case, which may give the false
indication that all engines of this variety should be maintained to a low level such as this.
A downward trend was evident in the PTV EC tailpipe exhaust results for Dendrobium. Thus,
work that was done on the aftertreatment technology resulted in an improvement to the
emitted exhaust, although not a significant difference. The main components that were fixed
on the Dendrobium PTV filter housing were the seals between the housing and the lid, as
some of these were leaking, and appeared to be damaged easily when the lid was closed. The
overall reduction in EC ranged from 50% to 69% through the diesel exhaust filters which is
less than the expected 85% efficiency of DDEFs used at the site. The reasoning behind this
was investigated and data is presented in Section 4.6.2 as a key learning of the research
project. In summary, DDEFs work differently in in-service vehicles than they do on a diesel
test rig due to the loading of the engine, and DDEFs may also take some time to become as
efficient as reported. Testing on PTVs was done using a clean filter that may not have reached
its expected filtration efficiency at the time of sampling due to being freshly inserted.
A reduction in EC on the LHDs from the manifold to the tailpipe at Metropolitan was expected
as each vehicle has a DDEF fitted which is specifically designed to reduce the DPM. The lack
of significant change across the manifold results can be explained as there were no specific
improvements made to the engine maintenance during the research, although it is uncertain
if the timing on the engines were changed when the improvement around the filter housing
was required. The increase and decrease in tailpipe emissions for the LHD may be explained
initially by the lack of maintenance from the site of the aftertreatment exhaust system and
the subsequent requirement to fix this issue. The final EC efficiency reduction is what is
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expected of the DDEF performance with over 85% efficiency.
There was also a downward trend in EC on Dendrobiums LHD on both the manifold, and the
tailpipe. The manifold results are likely due to maintenance on the engine, improving the way
the fuel is burnt, and the tailpipe results are likely due to maintenance on the aftertreatment
technologies such as the filter housing and seals. Like Metropolitan, the reduction between
the manifold results and the exhaust results are not as high as expected. These results are
essentially due to the DDEF and the exhaust pathway system. The exhaust system at
Dendrobium was well maintained by the final testing period. However, the results indicated
the filter is not working as efficiently as designed.
During the research project, it became evident there was no clear understanding of the
catalytic converters’ expected capability in reducing CO exhaust emissions in both the PTVs
and in the LHDs. The catalytic converters in the PTVs at Metropolitan reduced CO by 24% to
29% across the three monitoring campaigns while at Dendrobium the reduction ranged from
10% to 36%. The reduction in CO ranged from 36% to 65% from the manifold to the tailpipe
between the midpoint and baseline sampling on the LHDs at Dendrobium. At Metropolitan,
CO reduced by between 41% and 74% on the LHDs from the manifold to the tailpipe.
Discussions with mechanical maintenance personnel and OEMs did not reveal conclusive
information regarding the expected reduction in CO or other changes on the vehicles within
the research project. The information manual for the Coaltram states “When fitted, the
catalytic converter lowers certain engine gas levels and emission by capturing soot particles
and burning them off at high temperatures”(Diversified Mining Services 2012). This
information is incorrect as a DOC is designed to oxidise carbon monoxide, some
hydrocarbons, and the organic fraction of diesel particulate matter to carbon dioxide and
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water as seen by the following equations from NETT Technologies (2018):
CO + ½O2 → CO2
[Hydrocarbons] + O2 → CO2 + H2O
[SOF] + O2 → CO2 + H2O
Although the visual appearance of exhaust may become lighter, research has demonstrated
that catalytic converters reduce the soluble organic fraction (SOF) containing the organic
carbon however the level of elemental carbon does not change. This is depicted in Figure 4.65
(Morawska et al. 2004; NETT Technologies 2018).

Figure 4.65 Catalytic conversion of organic carbon and elemental carbon (NETT
Technologies 2018)
Catalytic converters are not checked or maintained on site unless catastrophic failure is
evident, with reliance on major servicing to replace or fix them. Catalytic converters on the
PTVs are an older style purifier and are not expected to be as efficient as new models of
catalytic converters according VLI representatives (McCosh 2019, pers. comm., interview, 18
May).
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Catalytic converters operate more efficiently at higher temperatures, and temperatures more
than 200oC are necessary for the catalyst to ‘light off’ and work best above 250 oC (NETT
Technologies 2018). The purifiers in the PTVs are well away from the manifold, just prior to
the particulate housing, and thus are cooler, below 150 oC. The consensus of the discussion
with various site mechanical maintenance personnel, OEMs and suppliers is there is little
understanding of the expected operation of the catalytic converter. McGinn (2000) also found
examples where mechanical maintenance personnel were not aware of the control
technologies on equipment, including if DOCs were on a machine or only silencers with no
purifiers / catalysts.
Improvements in emissions at DEN resulted from overall EBM, the major component of which
was the maintenance of blocked scrubber tanks and fixing seals. Symptoms that were noted
with blocked scrubber tanks included excessive engine oil use (15 L in 2 weeks), increasing
CO, and high backpressure. Rubeli et al. (2005) noted that increased backpressure increases
‘soot emissions’. It was also seen during this research study that DPM increased, and it was
noted from personal exposure sampling results, a worker in the vicinity of a Coaltram that
was subsequently tagged out and found to have a blocked scrubber, recorded a result of 0.08
mg/m3 from testing independent to this research project. Table 4.24 outlines some of the
maintenance improvements identified and corrected on vehicles at Dendrobium during the
research project. The list is not exhaustive.
There remains scope within EBM at these sites to further investigate the capabilities of
catalytic converters in underground coal vehicles where the exhaust temperature is reduced
and the effect this has on personnel exposure. CO exposure of workers was not monitored
during this research project due to equipment availability and worker capacity.
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Further maintenance improvements can also be done utilising the exhaust results. Following
training, the site personnel had the ability to undertake the exhaust monitoring and were
known to use the monitoring results to determine common faults in engines such as blocked
scrubbers. Further training and experience would provide these mechanical maintenance
personnel with the ability to use the data even more effectively and further profile engines to
anticipate or pre-empt required maintenance.
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Table 4.24
Vehicle

Maintenance conducted during intervention
Date

Pre sample

Post sample

Maintenance

PTV 603

12/07/17

EC 10 mg/m3

EC 3 mg/m3

Replace particulate
seal, tested with
filter that had been
in for 2+ hours

LHD 83

05/07/17

EC 41 mg/m3
25 kPa

EC 19 mg/m3
17 kPa

Unblocked scrubber
tank

LHD 15

03/07/17

EC 54 mg/m3

EC 10 mg/m3

Filter housing not
working due to
hinge broken,
therefore exhaust
not captured – nor
results known

LHD 15

14/08/17

EC 54 mg/m3
CO 2200 ppm

LHD 14

06/07/17

EC 60 mg/m3
25 kPa

EC 27 mg/m3
4 kPa

Unblocked scrubber
tank

LHD 12

26/08/17

Steady increase
in CO over 3
tests up to 400
ppm

CO 240 ppm

Unblocked scrubber

LHD 81

01/05/17

25 kPa

Unblocked scrubber

LHD 81

20/11/17

25 kPa

Unblocked scrubber

PTV 5433

11/09/17

Increasing CO

Unblocked scrubber

LHD 14

06/07/17

CO 400 ppm
High use of
filters

Unblocked scrubber

CO 250 ppm
Normal filter use

Unblocked scrubber

This research confirms the work of Spears (1997), Waytulonis (1992), Davies (2004) and
McGinn (2000) that EBM does significantly reduce exhaust emissions from a diesel fleet. To
gain the most out of EBM, the practice of EBM must be continuously sustainable by the site,
rather than a third-party attending site to undertake exhaust monitoring in campaign style
designated blocks of time. This research project also confirms the work of McGinn (2000)
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that mines can use trained mine site personnel to conduct the monitoring and analysis of
data. Other researchers, Davies (2004) , have done the emissions testing and interpretation
themselves or third party specialists were contracted. Conducting EBM using a third party is
not sustainable and nor economical for business, however, upskilling workers to reliably and
repeatedly operate monitoring equipment to sample the exhaust and interpret the results
ensures that EBM can be used by every mining operation across the world as a routine control
technology at the source of emission.
As presented in Section 4.6, several inherent issues were found to be allowing higher
emissions than perceived. Investigations into these issues were conducted to allow earlier
detection of maintenance issues, to create an awareness of the issue and to reduce the
likelihood of an ongoing problem, and to ultimately reduce emissions.
The first of these was continual blockages in the scrubber tank. This problem is reduced with
proper use of cleaning products to abate the build-up of carbonaceous material ultimately
causing a restriction in the flow of exhaust and creating a backpressure on the engine.
Measuring the backpressure on the manifold also indicates when a restriction is occurring,
thus allowing maintenance to be scheduled prior to the vehicle becoming unserviceable.
Ultimately a redesign of the scrubber tank and how the exhaust enters the water bath,
including the angle of entry and proximity to the base may assist in reducing the ability of the
material to bind and create a blockage. This was beyond the scope of this research project,
however, as blockages remain a maintenance issue, and personal communication with other
coal mining sites running these vehicles indicates this problem is widespread, this would be
valuable research for the users of this equipment.
A second issue researched concerned the currently available DDEFs, and their efficiency in
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removing DPM both immediately on a test rig, and when in-service due to differing duty cycles
and engine load from the approvals testing. DDEFs are an important and effective
aftertreatment control, however there is a need to ensure that DDEFs commence filtering
DPM immediately after they are inserted into the exhaust system. DDEFs with this capability
are commercially available, and approval acceptance criteria for DDEFs should include an
assessment of the time the filter takes to commence filtration to its rated efficiency, in
addition, in-service testing should also be devised and included in the testing of filtration
efficiency to provide a realistic view of how long it takes for a DDEF to filter to its rated
efficiency.
The final inherent issue investigated was the filter seals on the filter housing or cannisters of
the vehicles. This was an ongoing issue observed at both the intervention and control mine
sites. The control site was required to fix this issue, separately from this research study, and
the intervention site fixed theirs continually as part of the EBM programme. It is unlikely that
this is an isolated problem and concurrently with visual inspections, DPM monitoring should
be completed both pre- and post- any aftertreatment devices on a monthly basis to determine
if they are working properly. Realistically if monitoring is not conducted, then it is not known
if aftertreatment devices are working correctly, as specific components of diesel exhaust
cannot be seen.
The requirement for underground coal mines in Australia to have emissions monitoring
conducted every 3 or 6 months by a third party provides an excellent means to partially utlilse
EBM, even if this is the only aspect of EBM introduced. Mine sites would benefit from using
the emissions sampling results on individual engines to implement additional maintenance
on those engines that are outside allowable variations from their baseline measurements at
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the time of testing. It would be further enhanced if this monitoring included DPM sampling
that is comparable to baseline measurements. If sites provided additional mechanical
maintenance personnel at the time the third party testing was being conducted,
improvements to the engines could be made in situ, and additional testing conducted within
the scope of work of the third party whilst onsite. This would alleviate further expenses due
to having testing conducted at a later date and, would also lower emissions at the time of
testing. This is an additional administrative control that can be implemented immediately on
any site required to undertake emissions testing on a regular basis.

4.9

Diesel ChekMate® upgrades post data collection

During the research study, the diesel ChekMate® was tested and improved to be a reliable
and robust workshop tool. Section 4.3.2.2 outlines changes that were made to the instrument
during the project. Following the completion of the data collection by the researcher for this
research project, the EBM programme continued at the site, with assistance from the
researcher. Two further upgrades were made to the diesel ChekMate® that were unable to
be completed during the project, however, are recorded here to show the changes and
improvements to the sampling equipment. The modifications were a change in flowrate from
selecting one of two available flowrates, to only having one flowrate; this was made possible
due to the second modification of using a different filter media. These two modifications are
discussed below. Anecdotal evidence from the workshop personnel at Dendrobium is that
these changes combined have resulted in a significantly improved system with little to no
requirements to undertake additional tests on an engine, and thus time to take the test is
reduced substantially, which in itself provides a productivity gain.
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4.9.1

Diesel ChekMate® flowrate

An issue raised by site mechanical maintenance personnel when using the ChekMate® Mark
II was that it was necessary to know how ‘dirty’ the sample (and exhaust) was likely to be, as
this determined the flowrate a sample should be collected on. ‘Dirtier’ samples were collected
on 1.5 L/min, and ‘cleaner’ samples were collected on 2.5 L/min with each flowrate having a
different calibration chart to determine the result of EC in mg/m 3. If the cleanliness of the
sample was not predicted correctly, it meant a second sample had to be taken, and this meant
more time for the mechanical maintenance personnel conducting sampling, and also the
engine often heated up to a point where more time was spent waiting for it to cool down
prior to being able to collect a further sample.
The ChekMate® Mark II was upgraded to Mark III which removed the need to change the
flowrate between 1.5 and 2.5 L/min, and was instead maintained at 2.5 L/min. This was a
significant improvement, as additional samples were no longer required if the cleanliness of
the exhaust was not predicted correctly and thus less time is required by mechanical
maintenance personnel and resample are required less frequently. To allow this flowrate
change to be implemented, a new sample filter was used (detailed in Section 4.9.2) with an
updated calibration chart, and a new style of electronic sampling pump.
The ChekMate® Mark III was released after the research project data collection was finalised.
However ongoing work with Dendrobium has demonstrated this was a successful change and
worthwhile outcome of this project. The site personnel find this third iteration very easy to
use, with few issues being reported.
4.9.2

Diesel ChekMate® filters and sampling probe

During the process of using the Diesel ChekMate® Mark II, it was observed that at times the
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sample filter would blow, creating a hole for the exhaust to pass through. If the sample filter
blew, the sample was compromised, and the resultant EC could not be determined unless
another sample was taken. Blowing the sample filter occurred for the following reasons:
1. Backpressure from the engine was too high, caused by a blockage or restriction within the
pathway of exhaust from the engine to the exhaust outlet, usually in the scrubber tank
prior to the DDEF. At times tests were completed with a dirty filter also causing a
restriction,
2. Backpressure within the sample probe handle itself if a sample filter paper had been cut
and was lodged within it, or
3. Moisture reaching the filter, making it damp and weak, allowing the exhaust to make a
hole rather than filtering through it.
Understanding each of the reasons was required in order to fix the issue. The first reason was
relatively easily recognised; the colour of the filter, usually completely black, was a tell tail
sign that the exhaust was very dirty, and the filter breaks through the middle with a hole
emanating from the middle of the filter towards the edge. A backpressure test on the engine
and / or a filter change usually fixed or identified this reason.
The second reason was found through trouble shooting if the blockage reason in point 1 was
not confirmed. At times, a filter paper was cut so the whole sample section was cut from the
sample filter. This occurred if the probe was open while the pump was drawing air through
the filter paper, and the inner piece of filter paper blocked the probe.
The third option was of most concern as moisture on a filter creates its own backpressure

189

which can alter the results provided by the ChekMate. In addition to this, testers would often
take several samples consecutively trying to collect a valid sample, which was not ideal for
the engine due to the high load on and off. It was found that the filter blowing due to moisture
coincided with the colder months.
A new filter media was researched and found acceptable to replace the original quartz filter
media. This was a borosilicate glass filter reinforced with woven glass cloth and bonded with
Polytetrafluoroethylene (PTFE). This filter has several significant properties which were an
improvement over the previously used quartz filters in that they were less friable, had low air
resistance and were available in a suitable pore size consistent with the quartz filters. The
limitation of this new filter was that they could not be used for subsequent EC analysis by
NIOSH Method 5040. The use of these new filters relied on the upgrade of the Diesel
ChekMate® to have only the 2.5 L/min flowrate as described in the previous section.
The upgrades to the sampling equipment took a lot of time and effort to determine, design
and then implement on behalf of the mine maintenance personnel, the manufacturer and
researcher. Moisture in the exhaust, and particularly moisture from wet scrubber systems has
long been an issue when taking exhaust samples, this system removes excess moisture and
provides repeatable sampling. The system that is available at the time of finalising this
research project is a very simple, robust, and reliable for workshop use. It is easily used by
trained mechanical maintenance personnel to conduct a quick test to determine if there is a
fault, diagnose the fault, and conduct longer term profiling of the engine to monitor
degradation at a level that allows maintenance issues to be recognised and corrected.
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The new system with the upgraded ChekMate® Mark III, Mixing unit, water trap and filters is
a resounding success according to mechanical maintenance personnel at Dendrobium (Paton
2019, pers. comm, interview, 7 October). Diesel particulate sampling is now a simple process
to follow and conduct by on-site personnel. Subsequent review of the records collected since
the data collection period for this research project has shown that there are very few
resamples required. Those that did require a resample were due to not enough load on the
engine, or a fault with the engine not allowing enough load to be applied to collect a
representative sample (which required subsequent maintenance).
Future improvements to data collection would be to upgrade the ChekMate® further where
the result in EC mg/m3 is digitally provided rather than being a manual calculation and reading
a value off a chart. The data collected itself could be better utilised if it was interpreted against
target values immediately with possible faults proposed.

4.10

Limitations

During the loading of engines, although timers are used to stop and start the test, it is possible
that engines are loaded slightly differently, i.e. more load, more quickly, and this may make
some difference to the results. This is not considered to be substantial and as the tools used
are workshop tools rather than laboratory testing equipment, which was seen as acceptable.
The results on the tailpipe did not reflect the true tailpipe exhaust emissions at Metropolitan
until the final testing as not all exhaust was directed out the exhaust pipe, particularly on the
LHDs. There were leaks in the systems that mean that exhaust could escape before exiting
the exhaust pipe, therefore it is likely the results were higher than measured. This was not as
obvious for the PTVs – which had better maintained exhaust systems.
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The small number of vehicles in each type at Metropolitan resulted in less confidence in the
overall results than in the larger numbers of vehicles at Dendrobium.
During the research it became apparent that DDEFs do not all work to their expected
efficiency when they are clean and first installed. Section 4.6.2 details testing conducted
during this research to explore this finding. In summary, it was found that some DDEFs work
immediately, while others may take 20 minutes or longer. The results were not corrected for
differences in the DDEFs used.
Data was not collected on the number of DDEFs used on a day to day basis, nor the increased
number used when a blockage occurred. Specific data was not collected for the length of time
a vehicle was out of service for maintenance due to a blocked scrubber before and after
backpressure was used for diagnosis. Thus, improvements in these areas are based on
personal communication from mine site mechanical maintenance personnel, rather than
specific recorded data.

4.11

Conclusion

The objective of implementing an EBM programme on two different vehicle types in an
underground coal mine in Australia was achieved with this work. The EBM intervention was
demonstrated to be successful at the Dendrobium underground coal mine over the 15-month
research study period.
The second related objective of reducing diesel exhaust particulate and gas concentrations
emitted from the fleet as a result of implementing EBM and targeting and focussing
maintenance was successful for DPM and for NO2. The reduction in DPM was achieved
predominantly by maintaining aftertreatment devices, for example by removing blockages
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and maintaining seals on filter housing. This is an important finding, as it shows that with
measuring exhaust, before and after control devices, and maintaining vehicles based on these
results improves the exhaust, reducing the harmful particulate material entering the
atmosphere, and therefore available to be breathed in by the workers. This strengthens
research that has been done previously with similar findings and provides a strong foundation
to continue the research and determine specific exposure and productivity benefits from the
implementation.
There is further potential improvement for the mine to more rigorously use the data from the
EBM to identify engine and control technology faults and take appropriate corrective action.
During the research project, there were ongoing issues with sampling equipment that were
solved during and soon after the research. However, this limited the time spent on data
interpretation. There is scope to work with OEMs and mechanical maintenance personnel to
look further at catalytic converters in respect to understanding the operation, performance
and maintenance of these after treatment devices. As reported, there is little understanding
of the expectations for performance of these devices on either the LHDs or the PTVs at either
mine site.
The added incentive of upskilling an onsite maintenance workforce to conduct EBM means
that the principle of EBM can be applied to any fleet of diesel vehicles. For example, the
process of EBM could effectively be applied to bus fleets, over the road haulage vehicles, and
construction machinery.
There is scope to further refine how the data is handled and interpreted at site. With
management support, a project could progress in this area, taking the interpretation work
away from the mechanical maintenance personnel, and allowing them to problem solve, and
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maintain the equipment within defined limits. This approach would have considerable savings
in the time faults go undiagnosed and in operating costs.
The key contributors discovered and further researched during this project will act to assist
other businesses operating diesel engines to better understand, sample, and maintain their
engines. Some of the findings will be restricted to certain industries such as blockages
occurring in the scrubber tanks which are generally only found in underground coal mines.
However, the concept of measuring the backpressure with each emission test should be
implemented as part of regular maintenance on any diesel vehicle to determine if there are
other exhaust blockages or restrictions occurring. It is a simple and fast test that can quickly
identify maintenance issues.
Constructively using emissions data in a timely manner, collected as part of routine statutory
requirements is beneficial to the workplace and the workers exposed to the emissions.
Comparison of emissions testing data with allowable data variations at the time of data
collection, and consequent maintenance of the engine in real time, is only a cost if additional
mechanical maintenance personnel are required to be on site. However, if they are on site
and able to maintain the engine whilst statutory testing is conducted, then costs are reduced
in call out fees for the licensed laboratories, emissions are reduced immediately, and the site
is working in accordance with MDG 29, whilst following best practice maintenance processes.
Other possibilities such as reduced filter consumption should also be explored.
By implementing EBM and the associated testing requirements, Dendrobium was able to
improve their mine atmosphere exhaust gas testing to be a valuable tool in understanding
maintenance requirements of their engines. Time that was otherwise spent driving vehicles
to a suitable location for mine atmosphere testing was able to be spent testing both the
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manifold and the exhaust of the engine and applying maintenance if required. The newly
implemented testing required only one trained maintenance person to undertake the test,
rather than two workers travelling to the appropriate location to complete an underground
mine atmosphere test.
As new DDEFs become available on the market (and the obligation for mine management to
determine if they meet the requirements of ‘fit, form and function’ of previous DDEF
components), it is important that variations in what makes a DDEF acceptable or otherwise
are known. Testing can be conducted, and verification provided utilising the testing protocols
required in both Australian Standards and Mine Design Guidelines. However, these tests can
be presented in a way that indicates new filters are as efficient as older approved filters, when
in fact this may not be the case. It is challenging for groups that are not overly familiar with
the testing to determine what the results mean and ultimately if they are providing the same
fit, form and function and will not adversely affect the health and safety of those utilising this
component. A change to a form of on-site filter efficiency assessment would provide more
realistic data.
One of the most simple and important, yet not well implemented maintenance requirements
is for the upkeep of the seals on the filters, and the filter housing, as well as the connection
of hoses and exhaust pathways to the filter housing. Both the intervention and control site
experienced significant improvements in exhaust emissions and improvements in diesel
particulate matter exposure through maintenance of these systems. These exhaust pathways
should be checked and maintained on a regular basis, with specific details provided as part of
the OEMs requirements. DDEFs are not effective if the exhaust is not filtered through them.
If the engines are then not operating as well due to backpressure, then further maintenance
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is needed to reduce this backpressure and allow DDEFs to operate as intended.
EBM can be implemented on any site with diesel engines utilising this exhaust monitoring
system, with the main changeable components being where to collect the sample on the
manifold if there is not a statutory sampling port, and on the tailpipe as each tailpipe differs.
Enough backpressure must also be available to collect a sample, but not provide too much
additional backpressure to change the exhaust signature.
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CHAPTER 5 - EBM AND ITS EFFECT ON FUEL CONSUMPTION
5.1

Introduction

Diesel fuelled vehicles are used in many underground coal mines. Battery and electrically
operated vehicles are becoming increasingly available (Mining3 2018) particularly in hard rock
mining; however alternative fuels or power sources are unlikely to replace all diesel engines
for some time, if at all, due to power differences and explosive protection requirements in
coal mining amongst other factors. Diesel fuel will continue to be used for some time in
Australia, and longer in developing nations.
In Australia, Eromanga diesel fuel is often the diesel fuel of choice due to its lower particulate
emissions and lower aromatics when comparing it to other available diesel fuels (Wang et al.
2013). The fuel has been compared to other over the road low sulphur fuels, and has been
shown to be appropriate for underground use (Madeley 2011; Wang et al. 2013).
Fuel use within mines is a significant and unavoidable cost, yet the costs can increase due to
poorly maintained vehicles amongst other factors. Fuel consumption can increase due to
incomplete combustion as a result of dirty injectors, air intake problems, exhaust restriction
and poor fuel quality (including dirty fuel). Earlier work has indicated that using an EBM
programme should result in a decrease in fuel consumption but rigorous testing has not been
published to date (Davies 2004; Davies & McGinn 2005; Forbush 2015; McGinn 2000).
This chapter includes a literature review of the limited previous work regarding fuel
consumption and its measurement as a result of EBM. The methodology of how fuel
consumption measurement was conducted for this study is also outlined. The chapter
concludes with the findings for the research project with respect to fuel consumption as a
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result of the implementation of an EBM programme. The objective of this chapter and the
research conducted was to determine if fuel consumption was reduced for two main engine
types, LHDs and PTVs, as a result of implementing EBM and targeting and focusing
maintenance.

5.2

Literature review

The earliest research on fuel consumption in the 1980s by Southwest Research Institute
(SwRI) concluded that with improved diesel engine maintenance reduced fuel consumption
will occur (Waytulonis 1985). This research relied on the measured average brake specific fuel
consumption for each in-service engine and were compared based on equal work performed.
It was another 20 years before Forbush (2007) conducted similar research at Arch Coal, USA
claiming savings of between 10-23% of diesel fuel consumption which was subsequently
presented at the Mining Diesel Emissions Conference (MDEC) Canada (Forbush 2007, 2015).
The data was collected at mines located at altitudes above 2500 metres. Diesel engines lose
power as altitude increases due to poor combustion efficiency and reduced airmass flow. This
is a result of a portion of the fuel in the cylinder not effectively taking part in the combustion
process resulting in high use of unburnt, wasted fuel, higher exhaust temperatures and
greater smoke density. Engines must be adjusted to operate more efficiently in higher
altitudes, before introducing EBM. Thus, although Forbush presented scope to save fuel in
higher altitudes, there is a paucity of research to show fuel savings at lower altitudes as a
result of EBM. On a mine site, fuel savings of as little as 5% can provide a substantial cost
saving and can provide the catalyst for employers to implement an EBM programme, hence
the importance of accurate collection fuel consumption data
The method of data collection for the fuel information presented by Forbush was not
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provided, however appears to have been done by intermittent dipping of the fuel storage
tank followed by a volumetric calculation of the fuel consumed. Data collection for fuel
appears to be a simple process with systems available using a swipe pass or fuel tag for each
vehicle or fleet of vehicles, where the tag is swiped at the bowser. Limited information may
need to be entered such as vehicle, odometer reading, or hours of use, and the machine can
then be filled. This data is logged, and fuel consumption reports can be generated reporting
on the date, time, vehicle number and quantity of fuel used. These systems provide
information for Fuel Tax Credits (Australian Taxation Office 2017) or for sites with more than
one business on site sharing the same fuel tank and are therefore more common in businesses
that need this data for accounting purposes. This system was investigated at a metalliferous
mine during the early stages of planning this project and was found to be a robust system.
However, implementing such a system was out of the budget of the intervention site and this
project and therefore alternative arrangements were made for fuel data collection.

5.3

Methodology

5.3.1

Surface fuel bowsers

5.3.1.1 Dendrobium mine
There are two surface fuel bowsers on site at Dendrobium (Figure 5.1). These are located near
to the surface buildings, on the loop from the portal around to the ‘Go line’ where the PTVs
are parked during shift change (Figure 5.2). The bowsers are not undercover and therefore
workers are subject to all weather conditions while filling up. Dendrobium’s bowsers are
simple bowsers with a register that can be manually zeroed after each use. The register
displays the number of litres dispensed. Dendrobium has a 25000 L tank that is filled
approximately weekly.
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Figure 5.1

Fuel bowsers, storage tank and jerry cans, Dendrobium

Direction of
traffic
Fuel Bowsers

Figure 5.2

Location of surface fuel bowsers and vehicle pathway at Dendrobium

5.3.1.2 Metropolitan mine
Metropolitan has a surface tank that holds 30000 L (Figure 5.3). Surface equipment fills
directly from the surface tank. There is no record of how much fuel is dispensed to each
vehicle. During the initial months of this research project a record was maintained of how
much fuel was being ‘dropped’ (distributed) underground on a weekly basis, and therefore
used for underground equipment. However, this ceased after 3 months due to a required
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short-term variation in delivering the fuel underground.

Figure 5.3

Surface diesel tank, Metropolitan

The fuel bowsers at both sites did not have an automatic system linking the vehicle being
fuelled with the amount of fuel dispensed. This was investigated at Dendrobium for
implementation for this research project but was not feasible due to both intrinsic safety
requirements for the underground components, and the initial cost of installation.
5.3.2

Underground fuel bays

5.3.2.1 Dendrobium mine
At the start of the project Dendrobium had two underground fuel bays while construction on
a third was finished one month into the project. The third fuel bay was built to allow closer
refuelling amenities for those underground vehicles that only leave the pit for a major service.
Jerry cans were servicing this need (Figure 5.1); however, introduces contamination resulting
in the degraded quality of fuel as it is transferred into a jerry can, and then into the vehicle.
The removal of Jerry cans would eliminate a source of fuel contamination; however, they
were still available onsite in September 2019.
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Underground fuel pods with a 2000 L capacity are filled at the surface bowser and relocated
underground to one of the three fuelling areas (Figure 5.4). There is no register on the pods
to determine how much fuel is dispensed each time a machine fills up. Machines fill up
underground when necessary. Some machines refuel almost entirely underground, whereas
others generally refuel on the surface.

Figure 5.4
Underground fuel pod on the surface to be filled for underground,
Dendrobium
5.3.2.2 Metropolitan mine
Metropolitan has an underground fuel tank which is filled from the surface tank. As required,
4000 L is ‘dropped’ from the surface tank into the underground tank for the underground
equipment. There is no register on the underground tank to determine how much fuel is
dispensed into each vehicle.
5.3.3

Verification of bowser flow

Verification of bowser flow was only done at Dendrobium and not Metropolitan due to
logistical reasons. Red Ted Pty Ltd (Red Ted) services and maintains the surface diesel bowsers
at Dendrobium. Red Ted is licensed through the National Measurement Institute, service and
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holds license number SLO315 and conducts servicing and maintenance once per month. Prior
to fuel measurements starting for the research project, routine maintenance such as changing
filters and ensuring the integrity of safety couplings was completed. One safety coupling was
replaced due to being stretched and separating beyond work limits, and the registers were
changed as one was sticking. A fuel verification confirming that the volume variation was
within allowable limits was also completed.
Red Ted conducted a high flow test (for bowsers releasing 40 L/min or more) as per NITP 5.1
National Instrument Test Procedures for Fuel dispensers other than LPG Dispensers (National
Measurement Institute 2015). This standard is for commercial bowsers. However, there is no
similar standard for ‘private’ bowsers, and it is common practice for this to be used. A
calibrated and certified 200 L vessel (through the National Measurement Institute) was used
on a level surface to determine both the flowrate and the amount of fuel dispensed. Over a
30 second interval 30 L was dispensed which resulted in a 60 L/min dispensing capacity. Both
bowsers were tested and were found to be similar. The result was 200.4 L collected for the
200 L calibrated vessel. The retail acceptable criteria are 200 L ± 0.3% or a 0.6 L difference.
One test was conducted on each bowser. If this was a commercial bowser where the fuel is
sold, three tests are required, and the average taken on these. The bowsers were found to be
within specifications, and thus information collected from the bowsers was determined to be
within specifications and acceptable for use for the research project.
5.3.4

Data collection

5.3.4.1 Trial data collection
A fuel data collection trial was carried out at Dendrobium several months before formal data
collection occurred. This was to gain an approximate idea of how much fuel vehicles were
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using and how to best collect the required data in future. The trial assisted in determining the
most reliable way to collect the most accurate data. The trial involved operating the bowser
for the entire day and recording the required information. This was successful in that each
vehicle that filled up with diesel on the surface had all the correct information recorded each
time. This process was very time consuming and required several personnel to cover the 24hour 7 day a week operation.
Following this trial, a second trial was conducted with the aim of collecting accurate data,
without the need for additional personnel to collect the information. Individual logbooks for
each machine were placed within the corresponding machine to be completed each time the
tank was filled with fuel by whomever filled the tank. The logbook trial was completed over a
6-week period. Communications were held at each start of shift for the first week to inform
workers of the logbooks, and requirements of information (Appendix 4). Ongoing
communication occurred through a slide package on the digital display screen in the muster
room and posters in strategic locations (Appendix 5 and 6, respectively). Space was available
in the logbooks to indicate if the vehicle was filled underground where the amount of fuel
could not be recorded, and on the surface where the litres pumped was available.
The trial with logbooks proved to be unsuccessful with very little information recorded for
most vehicles. Data collected and processed was sporadic on most machines, providing little
to no useful, reliable information.
5.3.4.2 Final data collection
Following the trials, it was concluded the only way to gather reliable accurate data at
Dendrobium was to have personnel operate the bowser 24 hours a day over a 5 to 7-day
period. Personnel were trained with two people working the bowser each 24-hour period. A
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procedure was also provided (Appendix 7). These personnel were also mechanical
maintenance personnel with some responsibilities in the workshop. There were three formal
periods of data collection. The first was to gather baseline data in June 2017, the second was
mid-point data collection to determine how the intervention was progressing, and the third
was one year after baseline data in June 2018.
The vehicle and fuel data collected included;
•

Vehicle ID

•

Date

•

Time

•

Machine run hours (including the decimal place for fractional hours)

•

Litres of fuel (including the decimal place - to the 10th of a litre)

•

Location of the bowser (if underground there would be limited data), and

•

Comments

A proforma for the fuel data collection was provided to the bowser operators to fill in
(Appendix 8).
At Metropolitan, a log was kept of the amount of fuel distributed underground by the site for
use. This information allowed a total fuel consumption to be kept for the underground
vehicles as a fleet. It was not possible to determine how much fuel was used by any individual
vehicle underground.
5.3.5

Data processing and analysis

Data was considered valid if full hours (and part-thereof) of vehicle operation, fuel data in
litres including part litres, and timing information was included. The data was screened to
210

ensure it was valid – i.e. no hours were missing from vehicle operation, gaps of data were not
evident, seemingly low or high litres of fuel were not evident.
All valid data for the vehicles were included in the data analysis. Fuel data was considered
valid if vehicles had fuel data recorded for baseline, midpoint and final data collection
campaigns. Invalid fuel data was due to limited information on some machines as a result of
the number of times it came out from the pit and filled up at the surface, and other challenges
as discussed in Section 5.6.
Data was analysed in Microsoft Excel. Statistical significance was set at a P-value of < 0.1.
Comparison of data collection points for each vehicle was conducted using ANOVA: Single
factor and t-Test: Two-Sample assuming unequal variances.
Dendrobium records the number of hours each vehicle is operational to determine vehicle
utilisation. Data from the time of taking the initial fuel data and the final fuel data was
provided for each of the LHD and PTV. This data was used to work out in total how many
hours each vehicle type was operational. Data on the amount of diesel fuel purchased (L) and
total cost ($) for the similar time was also provided to allow the determination of any cost
savings. The total cost was converted to a cost per litre and this cost was multiplied by the
number of hours each vehicle type was operational for and by the number of litres per hour
it was using on average. This provided an overall cost of fuel prior to the intervention,
compared to after the intervention.

5.4

Results

The number and types of vehicles involved in the EBM study are presented in Table 5.1. Other
vehicles on site were not included in the study.
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Table 5.1

Vehicles included in the EBM research project (n=38)
LHD (n)

%

PTV (n)

%

Control Site

5

38

8

62

Intervention
Site

10

40

15*

60

*started with 14 however an additional vehicle was introduced to the site fleet
PTV – Personnel Transportation Vehicle, LHD – Load Haul Dump vehicle
Table 5.2 presents the amount of fuel used by the vehicle types at the beginning of the
research project compared to the end of the project.
Table 5.2
(n=38)

Fuel use of vehicles at baseline and final test points – intervention site
Baseline (27)

Final (12)

Mean (SD)

Mean (SD)

LHD

15.1 L/hr (7.8)

12.1 L/hr (2.8)

p = <0.04

PTV

9.7 L/hr (2.1)

9.0 L/hr (2.6)

p = <0.05

T-test: Two-Sample Assuming Unequal Variances
PTV – Personnel Transportation Vehicle, LHD – Load Haul Dump vehicle
Table 5.3 details the fuel data, vehicle information and costs provided by Dendrobium to
determine the approximate cost savings over their fleet.
Table 5.3

Relevant data provided by Dendrobium for a one-year period

Total spend on diesel fuel ($)

$1,164,099.00

Total number of litres used (L)

1,004,109

Cost per Litre of diesel fuel ($) (2 decimal place)

$1.16

Total number of hours on PTV fleet (hours)

25,574

Total number of hours on LHD fleet (hours)

24,813

Figure 5.5 shows a graphical representation of the total cost of fuel for the site, and how much
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money was saved by conducting EBM. This is then further broken down into the LHD and
PTVs.

Figure 5.5

Total annual cost and savings for LHD and PTVs at Dendrobium

Table 5.4 further defines the total costs and savings of diesel fuel at Dendrobium over a oneyear period as well as the percentage savings per vehicle type and the average savings over
both vehicle types.
Table 5.4
Total annual cost, savings and average savings for LHD and PTVs at
Dendrobium
Total Cost

Total Savings

% Savings

LHD

$434,914.11

$ 86,558.59

19.9

PTV

$286,327.17

$ 18,090.00

6.3

Total

$721,241.28

$104,648.59

14.5

PTV – Personnel Transportation Vehicle, LHD – Load Haul Dump vehicle
Unfortunately, there was not enough data collected at Metropolitan to allow any trends to
be defined. Data collection was stopped after six weeks due to onsite issues and a change in
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fuel delivery methods underground. Comparison between the two sites was therefore unable
to be conducted.

5.5

Discussion

Accurate fuel data collection was challenging as it relied on human interaction to record the
data, thus the data must be interpreted with caution. The individual fuel logs did not work, as
the workforce neglected to fill these in and although manning the fuel pumps over a 24-hour
period provided more reliable data, errors were still made, and at times the area was not
manned as workers were required to attend to tasks in the workshop.
The results from the intervention site indicate that over the time of the research project while
EBM was being utilised on site, there was a significant reduction in fuel for the LHD (p = <0.04)
and the PTV (p = <0.05). The reduction for the LHD was high with a 3 L/hour or 19.9%
reduction on average, however the standard deviation was also high, indicating a wide
variation in data. The reduction in fuel consumption for the PTV was 0.7 L/hour on average or
6.3%. In total there was a reduction of 14.5% for the site for the vehicles included.
When equating the fuel consumption reduction with costs, as provided by Dendrobium, the
14.5% savings in fuel on average equated to a saving of close to $105,000 at the price that
was being paid for diesel at the time. There is further scope to save fuel if all vehicles on site
were included in the study thus providing evidence to make a business case for
implementation of EBM at mine sites.
As the control site was unable to provide fuel data, the productivity gain shown from reduced
fuel consumption as a result of EBM at the intervention site may not be reproducible. The
strength of the testing is reduced by not having the information from Metropolitan, however,
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the findings of this research do align with previous similar work done in the area by
Waytulonis (1992) and Forbush (2015), acknowledging that different methodologies were
used in these studies, each with limitations. Further research is necessary to qualify this
productivity gain is real and not a result of chance.
The fact that DPM emissions were reduced further supports the finding of reduced fuel
consumption. Cleaner combustion reduces DPM as a result of better burning, and well
maintained engines burn cleaner, thus there is a high likelihood that fuel consumption was
reduced.

5.6

Limitations

There were several limitations during fuel data collection making it challenging to obtain
representative results. These are listed below by mine site.
5.6.1

Dendrobium mine

It was not possible to collect fuel data underground due to the lack of registers on the fuel
pods. During the initial trial data collection, the register on the bowser was not working
properly, rendering many of the readings inaccurate. This was fixed next time the licensed
fuel pump tester was on site.
On some occasions, operators noted that they had entered a ‘full’ tank. A “full tank” differs
from person to person and thus, there could be the difference of a few millilitres to a couple
of litres at the point when the operator deems a tank to be full, with the result that this data
was excluded.
The hour meter on one vehicle was not working. This was not noticed until the fuel
information had already been collected thus not allowing the litres per hour to be calculated
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for that vehicle. On some vehicles it was difficult to gain an accurate hour reading as the
number after the decimal place was difficult to read due to the location of the gauge and
colour and contrast of the readout. Therefore, at times this was not included. This meant that
there was anywhere from 6 minutes to 54 minutes unaccounted for in overall operational
hours. This data was excluded from the results.
Workers generally did not voluntarily record the digit after the decimal place for the fuel data,
meaning there may be 0.1 to 0.9 L difference from the real result to the recorded result, or it
may have rounded to the nearest full digit. This data was excluded from the results.
As the surface fuel bowser at Dendrobium is outside, workers are in the weather when
fuelling the vehicles. The final week of data collection saw significant rain, resulting both in
wet paperwork, and reduced recording of readings as workers did not want to be in the rain
for any longer than necessary. This limited the amount of data available.
5.6.2

Metropolitan mine

Fuel data was initially collected at Metropolitan and then a change to the fuel handling system
was required to be made resulting in fuel being decanted into fuel pods on the surface and
then taken underground. This provided inaccuracies as rather than refuelling being the task
of one-person, numerous workers were tasked with filling the underground pods and
therefore even weekly underground consumption was not available. The fuel data available
was then for both surface and underground. The site was unable to track how much fuel was
going underground and thus unable to provide further information after this change.
Both mechanical and digital diesel meters were investigated for the underground pods but
were found not to be suitable for underground use as they contained aluminium, which is not
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permitted due to intrinsic safety issues.

5.7

Conclusion

The objective of determining if a productivity gain, in the form of reduced fuel consumption
was partially satisfied, however further research is required to strengthen the data. The
potential for a significant fuel saving was identified when implementing an EBM programme.
The intervention site achieved a 14.5% reduction in fuel usage over the two main vehicle
types, equating to approximately $105,000 over 12 months. This is a substantial cost saving
for a site. However, the reduction in fuel consumption and savings would be dependent on
the vehicle types and numbers within individual fleets as well as the maintenance state of
each vehicle within that fleet at the baseline point of an EBM programme.
This research has established a productivity gain in terms of reduced fuel consumption,
however due to the limitation of data collection at Metropolitan the impact of the finding is
reduced. If further research confirmed this finding, this would be a significant driver for mines
and other businesses with large diesel fleets to implement EBM as a cost saving. Additionally,
there is the added incentive of reducing carbon emissions from a business. Although not
measured within this research, it is logical that if less fuel is used, then less greenhouse gases
are emitted. The Australian Government is encouraging mining businesses to reduce their
mining footprint with one of the priorities to “fast track the adoption of, and advancing
leading practice in all aspects of health, safety and the environment” (Department of Industry
Innovation and Science 2019). South32 aligns to the International Council on Mining and
Metals (ICMM) Sustainable Development Framework where there is support for greater use
of effective low-emission technologies and improved efficiency to reduce greenhouse gases
(South32 Limited 2019).
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An improved data collection method for fuel consumption measurement would further
increase the accuracy of the savings. An electronic tag system would be ideal where the hours
on the machine are logged before the refill is conducted, and the number of litres is also
logged.
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CHAPTER 6 - EBM AND ITS EFFECT ON WORKER EXPOSURE TO DPM
AND NO2
6.1

Introduction

Workers in underground mines using diesel-powered equipment are exposed to particulate
matter and gases from the exhaust of this machinery. Exposure to diesel particulate matter
(DPM) in underground mining has been a health concern for several decades and arises due
to the hazardous emissions from the equipment, and the restricted area work is conducted in
with ventilation constraints (Kurnia et al. 2014).
The level of concern and further requirement for control was elevated in 2012 when whole
diesel exhaust (the combination of gases and particulates from diesel engine exhaust) was
declared a human carcinogen by the International Agency for Research on Cancer (IARC) (IARC
2012a, 2012b).
This research project measured personal exposure to DPM (as elemental carbon) and NO2 to
gain an understanding of what workers were exposed to throughout the research project.
There were three monitoring campaigns at both Dendrobium, the intervention mine, and
Metropolitan, the control mine. Baseline, midpoint and final personal sampling was
conducted to determine if there was a change in personal exposure to DPM and NO 2 due to
EBM programme at Dendrobium Mine.

This chapter presents a review of the literature regarding the health effects of exposure to
diesel engine exhaust, current workplace exposure standards and similar exposure groups
220

(SEGs) in workplaces. It also details work undertaken previously regarding EBM and worker
exposure. The methodology used to undertake the worker exposure research including
recruiting the number of workers from medium to high risk work areas, ensuring privacy of
information, specific sampling and analysis methods is covered. The results of the study are
presented, including problems faced around laboratory analysis.
The objective of the research reported in this chapter was to determine if there was a
reduction in worker exposure to DPM after at least one year of EBM implementation, and to
investigate NO2 exposure in two underground coal mines and the effect EBM has on NO2.

6.2

Summary of Literature

Emissions from diesel engines consist of a variety of gases and particulates produced by the
combustion of diesel fuel. Emissions from diesel engines vary considerably between individual
engines and depend on several factors such as the engine design, engine operating
conditions, fuel and lubricating oil properties, exhaust aftertreatment, age and maintenance.
These emissions are a known health risk to workers, although due to the variation in factors
there remains conjecture about the dose and the resulting effect (AIOH 2017). This summary
of literature reviews the health effects, workplace exposure standards, the use of similar
exposure groups and workplace exposures in underground mines, and the effect controls
have on these exposures.
6.2.1 Health effects
Diesel exhaust emissions are a carcinogen and an irritant. The IARC classified Diesel Exhaust
as a Group 1 carcinogen meaning it has the ability to cause cancer predominantly in relation
to lung and to a lesser extent bladder cancer (IARC 2012a, 2012b). The potency has not been
defined, and continues to evolve (IARC 2012b). Diesel exhaust has a number of non-malignant
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effects, particularly affecting the cardiovascular system by increasing blood pressure, causing
heart failure, increasing arterial stiffness, and reduced vasodilation (Lucking et al. 2011;
Lundbäck et al. 2009). It is also a nose, throat and eye irritant causing coughing and
lacrimation of workers eyes (Health Effects Institute 1995; Landwehr et al. 2019). It has a long
latency period of 10-30 years until ill health manifests. In addition, diesel exhaust emissions
are known to be associated with non-health aspects such as malodour, visual issues and
nuisance pollution.
The gases within the exhaust also contribute to health effects, chiefly non-malignant health
effects. Of the gases, NO2 are a point of focus due to its insoluble nature and therefore
reduced ability to be removed within the nasal passages. NO2 is a respiratory irritant with an
irritating acrid odour that particularly affects asthmatic workers by distressing the lower
respiratory tract (ACGIH 2012).
Under the Australian Work Health and Safety Act 2011, workers are not to be exposed to
health and safety risks arising from a business or undertaking (Work Health and Safety Act
2011 (NSW)). In addition, for businesses within mining, the legislation requires a mine
operator to manage risks and implement a range of control measures to reduce exposure to
diesel engine exhaust. Underground mining merits a further special mention with respect to
understanding and controlling diesel emissions to as low as is reasonably practicable (Work
Health and Safety (Mines and Petroleum) Regulation 2014 (NSW)).
6.2.2 Workplace exposure standards
There is currently no exposure standard prescribed by SafeWork Australia for DPM (Safe Work
Australia 2019). However, experts within the field and industries have recommended
guidelines.
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The Australian Institute of Occupational Hygienists (AIOH) recommends exposure to DPM
should be kept as low as reasonably practical (ALARP), and below 0.1 mg/m 3 (measured as
submicron elemental carbon) to reduce irritation and as a result minimise the potential risk
of lung cancer. This level is also considered achievable by industry (AIOH 2017). The AIOH also
advocates an action level of 0.05 mg/m3 that should be used to trigger investigation into the
diesel particulate exposure, what is causing it, and application of suitable controls.
The NSW Department of Primary Industries - Mine Safety division through MDG 29 also
recommends 0.1 mg/m3 EC measured in the sub micrometre aerosol fraction using NIOSH
Method 5040 (NIOSH 2016), although they elaborate on this recommendation by pointing out
that exposure should be minimised to as low as reasonably practical due to a dose response
relationship not being available (NSW Department of Primary Industries 2008).
The Western Australia (WA) Department of Mines and Petroleum, and the Queensland
Department of Natural Resources also recommend 0.1 mg/m3 EC measured in the sub
micrometre aerosol fraction using NIOSH method 5040 (Department of Mines and Petroleum
(WA) 2013; Department of Natural Resources and Mines (QLD) 2014). The WA Department of
Mines and Petroleum recommend the exposure standard be adjusted for an extended shift
which is contrary to the primary aim of the AIOH guideline, as it is to protect against irritant
effects. Some employers are recommending and starting to work to a lower exposure
standard, including BHP Billiton who are working to a maximum of 0.03 mg/m 3 (BHP Billiton
2018; MacCalman et al. 2015).
DPM is not explicitly referenced within the NSW Work Health and Safety Regulations (Work
Health and Safety Regulations 2017 (NSW)). However, clauses 34 and 35 in Part 3.1 Managing
risks to health and safety invoke the requirement to identify hazards and manage the risks to
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health and safety by eliminating or minimising risk as far as reasonably practical.
Recently, The Health Council of the Netherlands has recommended an occupational exposure
limit significantly lower than the current exposure guidelines used in most industries within
Australia. The Health Council has determined target and prohibition risk levels for respirable
elemental carbon (REC) of 0.011 µg/m3 and 1.03 µg/m3 respectively (Health Council of the
Netherlands 2019). This is very low exposure and less than commuter and pedestrian
exposure in Sydney (Greaves et al. 2008).
This research project was completed prior to this recommendation of an amendment to the
Netherlands exposure limit being published. The AIOH exposure guideline for DPM as
elemental carbon is the guideline referred to in this research project. Both Dendrobium and
Metropolitan mines use 0.1 mg/m3 as their internal exposure standard for DPM, measured as
elemental carbon.
Although it is becoming common to measure particle number in the raw exhaust of diesel
engines to determine how clean the engine is, there is no current health based workplace
exposure standard based on the number of particles to which workers are exposed (Black &
Mullins 2019; Landwehr et al. 2019). The current guideline is a mass-based guideline; the
amount, in a certain size range, to which workers are exposed (Birch 2016). There is not
enough information available to determine a particle number concentration and the resultant
health effect that a particular level would induce.
With respect to nitrogen dioxide, Safe Work Australia has an exposure standard of 3 ppm
(Safe Work Australia 2019). The American Conference of Governmental Industrial Hygienists
(ACGIH) reduced their Threshold Limit Value from 3 ppm to 0.2 ppm in 2011 to take into
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account respiratory irritation, particularly asthma (ACGIH 2012). The ACGIH recommendation
is a guideline and is thus not mandatory. However, SafeWork Australia has in the past adopted
exposure guidelines from the ACGIH, and this lower exposure guideline was consequently
considered within this study.
The concentration of nitrogen dioxide in Australian underground coal mines has not
commonly been measured. Exposure levels in various hard coal mining in Germany has been
reported at 0.21 ppm for diesel engine operators using real time gas detectors as the
measurement technique (Dahmann et al. 2009).
As engine technology has changed, new engine technology (post-2007) has a different
emission signature to pre-2007. There is an expectation from some researchers that cancer
risk will decrease with new diesel engine technology (Bemis et al. 2015; Hallberg et al. 2015;
McDonald et al. 2015; Taxell & Santonen 2017). This research has essentially been undertaken
on rats and with limited in-vivo genotoxicity data due to the lack of human data availability.
Due to the change in the emissions, and reduced particulate matter from NTDE, Taxell and
Santonen (2017) recommend setting an occupational exposure limit for diesel exhaust using
both respirable elemental carbon and NO2. This research will assist in increasing the
knowledge of personal exposure to NO2 in underground coal mines in Australia, which will be
of assistance in determining the risk profile to these workers.
6.2.3 Similar Exposure Groups
The concept of Similar Exposure Groups (SEGs) were first introduced in 1979, and were
originally called Workplace Exposure Zones (Corn & Esmen 1979). Bullock and Ignacio (2006)
describe a SEG as “groups of workers having the same general exposure profile because of the
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similarity and frequency of the tasks they perform, the materials and processes with which
they work, and the similarity of the way they perform tasks” (American Industrial Hygiene
Association 2006). Using SEGs allows a relatively small sample of an exposed group to be
quantitatively characterized into representative exposures, saving time and analysis costs,
while still providing statistically valid interpretation of exposure to the group. Grouping
workers into SEGs is an accepted practice to conduct statistically based monitoring within
occupational hygiene (American Industrial Hygiene Association 2006). The use of SEGs in
occupational hygiene monitoring for workers exposures to contaminants is an existing and
accepted part of mine sampling culture in Australia.
6.2.4 Workplace exposures
Monitoring exposure to diesel particulate matter is not a new concept. Monitoring worker
exposure in Australian coal mines began in the early 1990s (Davies 1993). Sampling
methodology at the time was gravimetric as per Cantrell and Rubow (1991) and thus was
analysis for elemental carbon was not conducted, although electron miscopy was conducted
to determine the presence of carbon versus other particulates (Pratt et al. 1995). The data
showed that personal exposure levels ranged from 0.05 to 0.6 mg/m3 diesel particulate (Pratt
et al. 1995). Sampling methodology improved to be more selective and suitable for lower
concentration measurements, and analysis changed to the current thermo-optical method
(Birch 2003). Manthey et al. (2013) reported DPM levels in Queensland underground coal
mines of 0.04 to 0.2 mg/m3 EC between 2004 and 2012. Data collected by Coal Services in
NSW showed average DPM results for underground coal sites to be reducing and ranging from
0.07 mg/m3 in 2008 for (n ≈ 330 samples) to 0.02 mg/m3 in 2019 (n≈ 640 samples) measured
as elemental carbon (Coal Services 2019). Results above 0.1 mg/m3 were recorded for the
higher exposure areas such as secondary support, longwall and development. The overall
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exceedance rate has decreased from greater than 40% in 2018 to less than 10% in 2018 (Coal
Services 2019).
The reason for the reduction in exposure is due to the awareness of diesel engine exhaust
initially as a potential carcinogen (1989) and then as a confirmed carcinogen (2012), and the
resultant implementation of controls (IARC 2012b). Controls were investigated and
implemented initially voluntarily as a due diligence (BHP Billiton 2005; Davies 2004), but have
since been mandated in legislation (Work Health and Safety (Mines and Petroleum)
Regulation 2014 (NSW)).
Although (Pratt et al. 1995) conducted some estimations of personal exposure reduction for
some specific controls such as water-filled scrubber tanks and ventilation, and this was further
reviewed by Davies (2004), the individual specific reasons for the trending reductions are less
clear. In fact it is recommended that a combination of controls are implemented, rather than
individual controls, as a combination of controls have a higher likelihood of successfully
reducing exposure below acceptable levels (AIOH 2017). However, understanding individual
contributions of exposure reduction by specific controls, particularly controls that are
perceived to require significant effort by a workplace to implement, would benefit from this
knowledge. This knowledge assists employers to determine the benefit to their business, and
thus provides the impetus or otherwise to implement the control.
Although research has been completed on the effects of maintenance on diesel engine
exhaust emissions and it is known that exhaust emissions can be improved through targeted
maintenance as outlined in Chapter 4. At no time, to the best of the researchers knowledge
has worker exposure to DPM (and NO2) been conducted at the same time EBM has been
implemented to determine if a reduction in emissions equate to a reduction in worker
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exposure. Davies (2004) statistically reviewed significant worker exposure data and claimed
that “an effective maintenance programme will reduce employee exposure to diesel exhaust
emissions (gaseous and particulate)”, however no targeted personal sampling was conducted
at the time of implementing maintenance programmes on engine exhausts, and other
controls were also operational at the time of exposure reduction.

6.3

Methodology

6.3.1 Design
Personal air monitoring was conducted on three separate formal measurement periods at
each mine site. The first was baseline sampling at Dendrobium mine during April 2017, and
Metropolitan mine during September 2017, the second or midpoint sampling was during
February 2018 and the final monitoring was conducted in June 2018 at both sites. The control
site for this research changed several times before on-site research started. This resulted in a
lag between the baseline sampling at Dendrobium, versus Metropolitan. Personal sampling
was conducted for DPM and NO2 during each measurement period. Prior to sample collection,
the Mine Manager was required to sign a consent form providing access to the site and
workers, and acknowledging they understood the requirements for workers who volunteered
to wear personal sampling equipment.
6.3.2 Participants
Due to the logistics of working on a mine site and the complexity of accessing all areas within
a mine site, there was a need to target mid to high risk groups exposed to diesel exhaust,
rather than the entire working population. This was essential for several reasons including to
ensure the sample design met the research criteria, the sample numbers were attainable, and
the sampling programme was not a severe burden on the mine site and workers.
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Participants for sampling were targeted from specific job tasks and associated areas within
the mine. The job tasks were diesel operators, development panel operators and outbye
workers. These work groups had previously been allocated into SEGs by the mine site and had
been in use for several years through ongoing monitoring. The SEGs and exposures were
reviewed with each mine site in this study to determine the appropriate SEGs for the research.
Diesel operators generally drive and operate the diesel-powered machinery during the shift.
This can involve operating any of the diesel equipment underground. Often, they will be
operating and LHD (load haul dump) vehicle that lifts and moves heavy loads as required.
Development panel operators operate self-propelled mining machines called continuous
miners. These machines cut out and remove the coal from the mine face, making roadways
for use later in the mine life. This equipment itself is not diesel operated. However, the
ventilation bringing fresh air into the workers contains exhaust from diesel equipment
working further out in the mine areas. Diesel operated machines are regularly used in
development areas.
Outbye workers complete non-production tasks in non-production areas (i.e. not on the
longwall or in development), such as installing and maintaining roads, pumps, sumps,
electrical and mechanical infrastructure, erecting and dismantling ventilation devices and
general mine maintenance. Diesel equipment is regularly used during this work.
These SEGs were selected after viewing data from the previous five (5) years at Dendrobium
mine establishing they were the most likely to be exposed to the highest diesel particulate
matter. To allow comparisons between the data, the same job tasks and areas were selected
for the Metropolitan mine.
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Approval was sought and gained from the University Ethics Committee for the collection of
worker exposures to DPM and NO2 using non-invasive, internationally accepted monitoring
measurement techniques (Ethics number HE16/325) Appendix 10.
6.3.3 Eligibility criteria
Any worker at the mine within the specified SEG was eligible for and invited to participate in
the study. There was no delineation made between workers and contractors. Not all workers
volunteered, and those that did as required by the ethics approval, were provided with
information regarding the study and required to sign an informed consent form.
6.3.4 Sample size calculation
The required sample size for personal samples was calculated using the action level of the
diesel particulate matter guideline in the workplace. The action level is defined as 50% of the
exposure standard of a carcinogen. At 50% of the exposure standard, Dendrobium mine is
required to take proactive action to mitigate further exposure to their workers (South32
2015). As previously discussed in Section 6.2.2, the workplace exposure standard used by
Dendrobium and Metropolitan is 0.1 mg/m3. Reviewing data from 2016, it was feasible that
approximately 30% of their workers could be over half the exposure guideline of 0.1 mg/m 3
EC i.e. exposed to 0.05 mg/m3 or more of EC. Using this data, for an infinite population, the
sample size (n) for diesel particulate was calculated as follows:
Z2pq
n

= ------e2
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Where:
Z = 1.96 (95% confidence level),
p = 0.3
q = 0.7
e = 0.1 (precision of 10%). e is the margin of error of the instrumentation used in testing during
data collection.
The same calculation was used for nitrogen dioxide. However, at the time, there was no data
available for nitrogen dioxide, therefore p was chosen at 0.5 assuming 50% of the population
may be over half of the 3 ppm exposure standard.
The data was corrected for the available finite population to gain the corrected sample size.
N
N=
n-1
1+
S
Where N = the corrected sample size, n = the sample size for an infinite population, S = the
population available, which was the SEGs from Dendrobium (intervention) with the three
highest DPM exposures (153 workers), and the same SEGs then selected from Metropolitan
(control) (138 workers). To account for a 10% attrition rate during the study, the final required
sample numbers were anticipated as shown in Table 6.1. The sample size represents
approximately a third of the workers in the SEGs.

231

Table 6.1

Numbers of personal DPM and NO2 samples anticipated
Final sample size including 10%
attrition rate

Corrected sample size
Contaminant
N (Metropolitan)

N (Dendrobium)

N (Metropolitan)

N (Dendrobium)

DPM

51

53

56

58

NO2

57

59

63

65

6.3.5 Recruitment
In total sixty-three (63) participants volunteered for personal monitoring at Dendrobium and
thirty-four (34) at Metropolitan. Not all volunteers were able to participate in the sampling.
However, the excess numbers allowed random sampling of individual participants to begin
the sampling. The SEGs were selected prior to asking for volunteers. The numbers of
participants available in each SEG and on each shift varied, thus although volunteers to wear
the monitors were selected randomly, a certain number within each SEG were aimed for, to
ensure there was adequate representation from each SEG.
As not all workers were available for all three monitoring periods, and personnel changed
SEGs or shifts, a similar process of a brief communication was undertaken at the start of shifts
during the mid and end-point monitoring at both sites if all available samplers had not been
distributed. Consent forms were signed prior to monitoring equipment being placed on
workers.
Monitoring was conducted on the same shift each time to reduce confounding effects and
attempt to retain the same workers throughout the investigation. The shifts are listed in Table
6.2.
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Table 6.2

Description of general shift names and duration

Shift

Duration

Name

Weekday shift – Monday to Thursday
Day shift

6 am to 4 pm

Weekday day shift (WD DS)

Afternoon shift

2 pm to 12 midnight

Weekday afternoon shift (WD AS)

Night shift

10 pm to 8 am

Weekday night shift (WD NS)

Weekend shifts – Friday to Sunday
Day shift

6 am to 6 pm

Weekend day shift (WE DS)

Night shift

6 pm to 6 am

Weekend night shift (WE NS)

6.3.5.1 Dendrobium mine
As participation in the study was voluntary, a round of communication sessions with each
shift was held at Dendrobium one month prior to the first sampling. Seven sessions were
conducted to address all shifts and workers. The presentation included a PowerPoint
presentation and question and answer session combined (Appendix 11). This strategy was
chosen to inform workers of the project, how they could be involved, what they needed to
do if they elected to be involved and an opportunity to answer any questions. This time was
used to gather recruits for monitoring from the areas / SEGs of the mine that were targeted.
A participant information sheet was handed out at these presentations. A copy of this is in
Appendix 12. Participant consent forms were also handed out and collected once they had
been signed. A copy of an unsigned consent form is presented in Appendix 13.
6.3.5.2 Metropolitan mine
The recruitment process at Metropolitan was slightly different. A brief overview of the project
and monitoring requirements was provided to the Undermanager by the primary researcher.
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This message was then relayed to the workers by the Undermanager at the start of shift, with
a request for volunteers from the specific SEGs targeted to meet after the start of shift talk.
There was no time allocated at the start of shift meetings to allow the primary researcher to
address workers due to time restrictions. Between the point the workers volunteered and
gathered to have sampling equipment placed on them, they were provided with a participant
information sheet (Appendix 14), and consent form to sign (Appendix 13). On signing the
consent form, they were fitted with sampling equipment prior to their shift on that same day.
6.3.6 Consent, privacy and confidentiality
Prior to personal sampling being conducted, the Mine Manager was required to be provided
with, read and understand the requirements of the project, and give consent that personal
monitoring could occur on their site. Separate participant information sheets were provided
to Dendrobium and Metropolitan mines. A copy of the Metropolitan participant information
sheet can be found in Appendix 15, and the Dendrobium participant information sheet in
Appendix 16. Copies of the signed consent sheets are provided in Appendix 17.
Volunteer participants in the monitoring programme were provided with a participant
information sheet and a consent form as described in the Section 6.3.5 above. On signing the
consent form, workers were recruited into the study, and therefore gave permission to be
called on where necessary to wear monitoring equipment. The information sheet and consent
form indicated workers may be requested to participate on three separate occasions. The
Information sheet specifically stated that volunteers were free to withdraw at any stage and
retract their data. It also outlined that information collected from participants would be kept
in a secure location and deidentified for all reporting purposes. Each participant could elect
to have their results communicated to them individually.
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6.3.7 Method for personal sampling of DPM and NO2
Full shift personal exposure sampling for diesel particulate matter was conducted as per
NIOSH 5040 Diesel Particulate Matter (as Elemental Carbon) (NIOSH 2016) using principles
from Australian Standard 2985 Workplace Atmospheres – Method for sampling and
gravimetric determination of respirable dust (Standards Australia 2009). NIOSH 5040 is the
accepted method used for personal sampling of DPM in Australia. Extensive research has
shown elemental carbon to be a more reliable surrogate for diesel particulate to sample and
analyse than total carbon or other surrogates (Birch 2016; Birch & Cary 1996b). AS 2985 is
more specific in placement and set up of equipment. Details of specific equipment used to
collect the DPM samples are detailed in Section 6.3.8 below.
Samples were collected in the breathing zone of workers using the principles described in
Australian Standard 2985. The breathing zone is defined as a “hemisphere of 300 mm radius
extending in front of the face and measured from the mid-point of a line joining the ears”
(Standards Australia 2009) (Figure 6.1). Samples are collected in the breathing zone of the
worker to collect a representative sample, similar to what the worker would have breathed.
In accordance with AS 2985 sampling should occur for as long as is reasonably practical,
generally not less than 4 hours and should be representative of the working periods of the
individual exposed. A long sampling time also ensures a heavier deposit and therefore reduces
inaccuracies (Standards Australia 2009). All samples were full shift samples. Shift length varied
from 10 to 12 hours.
Full shift personal sampling for nitrogen dioxide was conducted as per Australian Standard
2986.2 Workplace air quality—Sampling and analysis of volatile organic compounds by
solvent desorption/gas chromatography Part 2: Diffusive sampling method, using a small,
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unobtrusive badge style sampler (Standards Australia 2003). Details of specific equipment
used to collect the NO2 samples are detailed in Section 6.3.8 below. The method has been
validated to the low levels required for workplace monitoring and comparison to current
exposure guidelines (Kuhlman et al. 2014).

DPM sample
head

Figure 6.1

NO2 passive
sampler

DPM sample head and NO2 passive badge in breathing zone of a worker

6.3.8 Equipment
To collect personal diesel particulate samples, an SKC diesel particulate cassette with
impactor (Part No. 225-317) was used with a DPM cyclone sampling head (SKC 225-68) and
attached to a personal sampling pump (Figure 6.2). SKC AirChek 3000 personal sampling
pumps were used, as these are IECEx approved and safe for use in underground (and other
potentially explosive) environments. The field calibration of the sample pumps was conducted
using a BIOS Defender 510 DryCal dry flowmeter. A summary of the calibration dates and
certificates for the air sampling pumps and BIOS are presented in Appendix 18.
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Figure 6.2
Diesel particulate sampling train using SKC AirChek 3000, SKC DPM cyclone
sampling head and SKC diesel particulate cassette with impactor
SKC UMEX 200 Passive Samplers were used for nitrogen dioxide. These do not require pumps
to operate them; rather they require the sampler cover to be ‘opened’ to begin sampling and
‘closed’ to stop sampling (Figure 6.3).

Figure 6.3

Umex passive sampler, closed LHS (not sampling), open RHS (sampling)
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6.3.9 Laboratory analysis
The analysis method used for Diesel Particulate Matter (as Elemental Carbon) was NIOSH
5040 (NIOSH 2016). NIOSH 5040 samples are analysed by thermal-optical analysis and flame
ionization detection (FID). Results are provided for organic carbon, elemental carbon and total
carbon. Results were reported and used for elemental carbon as this is the accepted surrogate
for DPM in Australia. The limit of detection (LoD) for diesel particulate is 1 µg/cm 2.
The analysis method for NO2 samples was OSHA ID 182 method “Nitrogen Dioxide in
workplace atmospheres (Ion Chromatography)” (OSHA 1991). OSHA ID 182 for nitrogen
dioxide uses a method where analysis is conducted using ion chromatography (IC) with
conductivity detection. The OSHA method is a pumped sample method, however SKC
Incorporated have validated passive badges to be analysed in the same way (SKC 2018). The
limit of quantitation is 0.1 µg nitrogen dioxide/sample for samples analysed at TestSafe and
0.01 ppm at MPL.
6.3.9.1 Laboratories utilised
Chemical analysis of samples was required for the analysis of personal diesel particulate and
nitrogen dioxide samples, as well as raw exhaust diesel particulate samples. Laboratories
were selected that had experience and/or accreditation in the required analysis. Table 6.3
below outlines the laboratories used and the samples they analysed. Two of the laboratories
hold a National Association of Testing Authority, Australia (NATA) accreditation for the
analysis for which they were selected. MPL Laboratories (MPL) and Envirolab Services Pty Ltd
(Envirolab) are part of the same laboratory, with MPL located in Perth and Envirolab in
Sydney. Sunset Laboratory is an American based laboratory and was selected specifically for
the exhaust sample particulate analysis as they are the manufacturers of the Thermal-optical
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instrument that is described by Birch and Cary (1996) as being appropriate to analyse DPM
samples in accordance with NIOSH 5040 (Birch & Cary 1996a). Exhaust samples can have a
very high load of DPM, and pyrolysis and charring can complicate analysis; therefore, this
laboratory was chosen as having the most experience. TestSafe Australia (TestSafe) is not
currently NATA accredited for nitrogen dioxide analysis, however, they have a very good
reputation for occupational hygiene sample analysis and were deemed appropriate to
conduct the analysis with their previous experience and proven results. Proficiency testing
was also conducted, and this is presented in Section 6.3.9.3 below.
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Table 6.3
Laboratory
Sunset
Laboratory
Inc, Oregon
(Tigard, USA)
MPL
Laboratories
(Perth)
/Envirolab
Services Pty
Ltd (Sydney)

TestSafe
Australia,
Chemical
Analysis
Branch
Sydney

Coal Mines
Technical
Services,
Wollongong

Laboratories used for analysis
NATA
Accreditation
number

-

2901

-

Analysis
completed

EC

Method

NIOSH 5040

EC and NO2

NIOSH 5040 and
Inorg-121 Nitrogen
dioxide desorbed
and determined by
ion
chromatography
and colourimetric
methods.

NO2

Analysis of
Nitrogen dioxide in
air by ion
chromatography
method no.
WCA.243 in house

Samples Analysed

Baseline, Midpoint
and Final exhaust
samples
Baseline samples
for Dendrobium
and Metropolitan
Verification
samples for
midpoint and final
analysis
Verification
samples for
baseline sampling
Midpoint and final
samples for
Dendrobium and
Metropolitan
Verification
samples for
baseline sampling

1757

EC

NIOSH 5040

Midpoint and final
samples for
Dendrobium and
Metropolitan

6.3.9.2 Laboratory errors
During review of the results received by the laboratories, several problems with the analysis
and reporting were identified and required rectification prior to being used within this study.
These issues were identified predominantly as a result of taking side by side samples, having
different laboratories analyse each sample and receiving markedly different results. Another
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common issue found were calculation errors.
During baseline analysis several problems with analysis and reporting of NO2 were found. The
first was a discrepancy with the sampling rate. To determine the amount of NO 2 in a sample,
a standard sampling rate is applied to the result by the analysing laboratory. It was
determined that the NO2 sampling rate that was initially applied within the calculation was an
old value of 12.83 mL/min from a 2010 SKC Operating Instruction document, rather than 17.3
ml/min what was specified within 2015 SKC Operating Instruction document. Applying the
correct sampling rate reduced the result by approximately 25%. The second issue was a
calculation error where ppm was calculated incorrectly. Results were also provided in µg/m 3
and these were correct for the same samples. Thirdly results reported were for nitrogen
rather than nitrogen dioxide. This was again an issue with not applying a factor to the final
result. Results incorporating the first of these issues was reported to workers that had been
previously monitored. These results were retracted, and new information letters distributed
to individuals monitored. The laboratory provided a summary document to explain the
various updates to reports (Appendix 9).
Initially there were some issues reporting NO2 as there was a problem with some samples not
being reported and incorrectly labelled. In addition, the calculations were incorrect on the
raw result. This was identified and the correct sample results reported.
Some difficulties were also found in reporting DPM as EC results, oxygen split, and laser split
results were mixed up for some of the samples. This was identified, rectified and reported
correctly.
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6.3.9.3 Proficiency testing
Following on from the first incorrect reporting of NO2 results, it was deemed appropriate to
conduct proficiency testing within the laboratories used to gain confidence in the analysis
completed to date, and to determine an appropriate laboratory to continue with the analysis
for the midpoint and final analysis. The laboratories were not undertaking proficiency testing
for NO2, although they were for other contaminants. Therefore, proficiency testing was
arranged through Novachem Pty Ltd where four (4) dynamically loaded Palmes type diffusion
tubes were supplied to each of the laboratories for analysis.
6.3.10 Data processing and analysis
The IBM statistical software SPSS Version 25, Lognorm2 and the American Industrial Hygiene
Association (AIHA) statistical package EASC-IHSTAT-235 (IHSTAT) was used to analyse the
data. IHSTAT was used to calculate the minimum variance unbiased estimate (MVUE) and the
upper confidence limit (Lands Exact) of the exposure data. The Shapiro-Wilk test was used to
test the normality of the EC and NO2 personal exposure data across the sites and the
contaminants. The data was determined to be not normally distributed, which is often the
case with occupational hygiene data (Grantham & Firth 2014). The Levenes non-parametric
test indicated using non-parametric testing was appropriate. The mean, median, standard
deviation and interquartile ranges provide summary indices for the data. Kruskal-Wallis and
Mann Whitney U were used to compare medians across different time points and different
work groups and between the control and the intervention sites. Statistical significance was
set at a P-value of < 0.1. This variation is due to a small number of samples being collected in
one SEG compared to the other SEGs due to available participants. Sample numbers across
the shifts were similar for each shift. The lognormal MVUE, 95% UCL and the GSD data has
been reported within this section as a comparison means only. The non-parametric data is
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more reliable.

6.4

Results

6.4.1 Proficiency testing
The results for the proficiency testing are reported in Figure 6.4. Sample 11A was not analysed
and reported for Envirolab as it was misplaced before it was analysed.

1.6
1.4

µg/sample

1.2
1
0.8
0.6
0.4
0.2
0
11A

11B
MPL

Figure 6.4
standard

Envirolab

11C
TestSafe

11D

Standard

Nitrogen dioxide proficiency results from three laboratories, plus the

6.4.2 Personal sampling
Seventy-one (71) participants across the two sites wore monitoring devices. Of these,
nineteen (19) participants were monitored during each sampling campaign and sixteen (16)
of these were monitored both for EC and NO2 on each of the three sampling campaigns. Not
all participants volunteered to wear both monitors. The numbers of times a monitor was worn
is shown in Figure 6.5 for both EC and NO2, and this correlates well with the number of
samples required per Section 6.3.4.
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Figure 6.5

Metropolitan

Personal sample numbers (n) for EC and NO2 at both sites

Table 6.4 presents the overall results of the two sites.
Table 6.4
Descriptive statistics of EC and NO2 personal sampling data across all three
test points for Dendrobium and Metropolitan
EC (mg/m3)
Median (IQR)

NO2 (ppm)

MVUE
(95% UCL, GSD)

Median (IQR)

MVUE
(95% UCL, GSD)

Dendrobium

0.04
(0.03, 0.06)

0.04
(0.05, 1.6)

0.03
(0.02, 0.04)

0.03
(0.04, 1.9)

Metropolitan

0.06
(0.04, 0.10)

0.07
(0.09, 2.0)

0.06
(0.04, 0.07)

0.06
(0.07, 1.7)

The difference between EC for Dendrobium and Metropolitan was not significant at the
baseline sampling. Metropolitan had significantly higher results at the midpoint and the final
sampling than Dendrobium (Table 6.5). The NO2 results remained significantly higher at
Metropolitan throughout the sampling. The 95% UCL MVUE showed a similar result
proportionally to the average results and the GSD ranged between 1.6 and 2.0. A GSD of
between 1.6 and 2.0 indicates a low variability within the data, and that the exposure has
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some degree of control.
Table 6.5

Significance of exposure (p – value) between Dendrobium and Metropolitan
Baseline

Midpoint

Final

EC (mg/m3)

0.182

0.000*

0.004*

NO2 (ppm)

0.002*

0.000*

0.007*

P value significant at 0.1

6.4.2.1 EC results
The median EC result at Dendrobium was 0.04 mg/m3 (n=66), with the interquartile range of
0.03 to 0.06 mg/m3. The highest recorded result was 0.10 mg/m3. The average EC result at
Metropolitan was 42% higher than Dendrobium with a median result of 0.06 mg/m3 (n=63)
and an interquartile range of 0.04 to 0.10 mg/m3. The highest recorded result was 0.18
mg/m3, nearly double the exposure guideline. The IQR for the EC was double at Metropolitan
compared to Dendrobium, with a much wider spread of results (Figure 6.6).
All EC exposure at Dendrobium was below the exposure guideline of 0.1 mg/m 3 (AIOH 2017)
with one outlier being on the guideline. At Metropolitan, 22% of the exposure results were
over the AIOH guideline. At Dendrobium and Metropolitan respectively, 30% and 60% of the
personal EC results were over half the AIOH exposure guideline, or the action limit, of 0.05
mg/m3 (Figure 6.6).
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Figure 6.6

Elemental carbon data at both study sites (n=63 and n=66 respectively)

There was no statistically significant difference in EC between the SEGs for Dendrobium (p =
0.305. There was a significant difference between the SEGs at Metropolitan (p = 0.019). Posthoc tests showed that outbye workers at Metropolitan were exposed to significantly less EC
than the development panel operators (p = 0.016). There was no significant difference
between the diesel operators and either the outbye workers or development panel operators
at Metropolitan (p = 0.284 and p = 0.668).
When comparing the same SEGs between the sites, there was no significant difference for
diesel operators for the baseline (p = 0.643) or the midpoint sampling (p = 0.087). However,
there was a significant difference for the final sampling (p = 0.020) with diesel operators at
Dendrobium exposed to significantly less EC than Metropolitan diesel operators at the final
sampling (Figure 6.7). The development panel operators were exposed to a similar amount of
EC at the baseline sampling (p = 0.217), although Metropolitan development panel operators
were exposed to significantly more EC at the midpoint sampling (p = 0.001) and at the final
sampling (p = 0.003) than the Dendrobium development panel workers. There was no
significant difference between the outbye workers at each site for the baseline (p = 0.275),
246

midpoint (p = 0.246) or the final (p = 0.435).

Diesel Operators
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0.04

0.05
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Outbye Workers
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Dendrobium

Figure 6.7
campaign

0.04

0.03

0.05

Final

Metropolitan

Median elemental carbon (mg/m3) results for SEGs across each sampling

There was no significant difference between day shift, afternoon shift and night shift exposure
to EC at Dendrobium (p = 0.925). There was a significant difference between the shifts at
Metropolitan with respect to exposure to EC (p = 0.036). There was significantly less exposure
for afternoon shift compared to weekday dayshift (p = 0.030). There was no significant
difference between night shift and day or afternoon shift (p = 0.793, and p = 0.679).
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When comparing the same shifts across the sites, there was no significant difference for
weekday dayshift for baseline sampling (p = 0.817). However, there was a significant
difference for the midpoint (p = 0.003), and final sampling (p = 0.002) with Dendrobium
workers exposed to significantly less EC on these shifts. There was no significant difference
between exposure for the baseline (p = 0.817), midpoint (p = 0.053), or the final sampling (p
= 0.307) between either site, although for both sites, afternoon shift saw an increase in
exposure over the course of the sampling. The weekend night shift results were not
significantly different between the sites for any of the sampling campaigns, baseline (p =
0.173), midpoint (p = 0.068) and final (p = 0.108) (Figure 6.8).
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Median elemental carbon (mg/m3) results for shifts across each sampling

Figure 6.9 presents the EC results over the three personal sampling points of the study for
Dendrobium. There was a statistically significant decrease in EC from the baseline sampling
to the final sampling (p = 0.085). This was an overall 33% reduction in exposure with a
sustained downwards trend. The range of data also decreased from the baseline sampling to
the final sampling.
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0.1 mg/m3 exposure guideline

Figure 6.9
(n=22 each)

Elemental carbon trend over the three sampling campaigns at Dendrobium

Figure 6.10 presents the EC results over the three personal sampling points of the study for
Metropolitan. There was no clear trend, with exposure to EC increasing from the baseline to
the midpoint, and then reducing from the midpoint to the final sampling. There was no
significant difference between exposure at the baseline to the final monitoring (p = 0.171) or
between the midpoint and the final monitoring (p = 0.100). However, EC exposure was
significantly increased between the baseline to the midpoint sampling (p = 0.000). The median
results varied from 0.04 mg/m3 at the baseline to 0.1 mg/m3 at the midpoint sampling and
finally to 0.06 mg/m3 at the final sampling. Considering the current AIOH exposure guideline
is 0.1 mg/m3, exposure at Metropolitan was over this on several occasions.
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Figure 6.10 Elemental carbon trend over the three sampling campaigns at Metropolitan
(n=20, 21, 22 respectively)
EC results were initially slightly lower at Metropolitan than at Dendrobium. However, over
time, Metropolitan EC results increased and were higher than Dendrobium. Dendrobium
showed approximately 20% reduction over each consecutive campaign, resulting in a 33%
reduction in EC from baseline to final (Figure 6.11).
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Figure 6.11 Median elemental carbon results Dendrobium to Metropolitan comparison
across sampling campaigns
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6.4.2.2 NO2 results
NO2 data presented a similar trend as the EC with a median of 0.03 ppm (n=74) and an IQR
range of 0.02 to 0.04 ppm at Dendrobium. The highest recorded result was 0.10 ppm recorded
at Dendrobium overall. Results at Metropolitan were nearly double those of Dendrobium with
the median result of 0.06 ppm (n=74) and an IQR of 0.04 to 0.07 ppm. The highest recorded
result was 0.18 ppm at Metropolitan. All NO2 including outlier results at both Dendrobium
and Metropolitan were below the exposure standard of 3 ppm (Figure 6.12).

Exposure standard = 3 ppm

Figure 6.12

Nitrogen dioxide data at both study sites (n=74 each)

Outbye workers at Dendrobium were exposed to significantly less NO 2 than the diesel
operators (p = 0.015). There was no significant difference between outbye and development
panel operators or development panel and diesel operators. There was no significant
difference in NO2 between the SEGs for Metropolitan (p = 0.227). All SEGs were consistently
exposed to less NO2 at Dendrobium than they were at Metropolitan. Diesel equipment
operators were not exposed to a significantly different amount of NO2 during the three
campaigns, baseline (p = 0.136), midpoint (p = 0.072) and final (p = 0.205) when comparing
between the sites. Dendrobium development panel operators were consistently exposed to
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significantly less NO2 across each campaign baseline (p = 0.010), midpoint (p = 0.000) and final
(p = 0.004) than at Metropolitan. Outbye workers were exposed to significantly less NO2
during the midpoint sampling only (p = 0.037) when comparing the sites (Figure 6.13).
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Median nitrogen dioxide (ppm) results for SEGs across each sampling

There was a significant difference between the shifts at Dendrobium with respect to exposure
to NO2 (p = 0.088). There was significantly more exposure for day shift when compared to
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night shift (p = 0.083). There was no significant difference between afternoon and night shift
or afternoon and day shift. There was no significant difference between the shifts for
Metropolitan (p = 0.253).
When comparing the same shifts between the sites, day shift at Metropolitan was exposed to
significantly more NO2 than at Dendrobium across the midpoint (p = 0.022) and final (p =
0.018) sampling campaign but not for the baseline (p = 0.063). Afternoon shift at Dendrobium
was exposed to significantly less NO2 than Metropolitan for the baseline (p = 0.030) and
midpoint (p = 0.012) sampling. NO2 increased at Dendrobium for the final campaign (p =
0.748) so the difference was not significant, but still less. Weekend night shift at both sites
was very similar with little difference at the baseline (p = 0.457). Midpoint sampling saw
Dendrobium exposed to significantly less (p = 0.004) and the final sampling increasing slightly
with a result that was not significant (p = 0.053) (Figure 6.14).
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Median nitrogen dioxide (ppm) results for shifts across each sampling

There was no clear trend with respect to NO2 at Dendrobium (Figure 6.15), although there
was a significant difference between the three sampling campaigns (p = <0.03). The median
results were 0.03 ppm, 0.02 ppm and 0.04 ppm for the baseline, midpoint and final sampling
respectively. NO2 exposure increased significantly between the mid and the post monitoring
(p = <0.02).
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Figure 6.15 Nitrogen dioxide over the three sampling campaigns at Dendrobium (n=26,
24, 24 respectively)
There was an increasing trend of NO2 at Metropolitan, however this was not a significant
increase (p = 0.122). The median and range increased between each sampling campaign
(Figure 6.16).

Figure 6.16 Nitrogen dioxide over the three sampling campaigns at Metropolitan (n=26,
25, 23 respectively)
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NO2 results were consistently higher at Metropolitan than at Dendrobium (Figure 6.17).
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Figure 6.17 Median nitrogen dioxide results Dendrobium to Metropolitan comparison
across sampling campaigns

6.5

Discussion

6.5.1 Proficiency testing
The results of the proficiency testing indicate that MPL and Envirolab report results 29-37%
higher than the actual result, while TestSafe report 2% lower (Figure 6.1).
Envirolab conducted the baseline NO2 analysis for Dendrobium, MPL analysed the baseline
NO2 samples for Metropolitan and therefore there is a reasonable likelihood that these results
are 29-37% over the actual result. As these results were well below the exposure standards,
this does not change the outcome of the research. However, such discrepancies and errors
should be considered for future analysis with strict scrutiny over laboratory results and
reporting. The results have not been changed to reflect this possible difference, as the
difference is not specifically quantifiable.
6.5.2 Personal sampling
The objective of this part of the research project was to determine if EBM on diesel engines
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resulted in reduced exposure of workers to diesel emissions, particularly DPM, and to gain an
understanding of NO2 exposure and the effect EBM has on it in underground coal mines in
Australia. A review of the literature has not established any comprehensive studies on NO 2
exposure in Australian underground coal mines, nor have there been studies solely focussed
on the changes to worker exposure due to the implementation of emissions based
maintenance, rather than as a result of a number of controls. Worker exposure has decreased
steadily since the 1990s with many controls available and utilised (AIOH 2017; Coal Services
2019; Davies 2004; Pratt et al. 1995; Pronk et al. 2009). This research aimed at quantifying
any changes to exposure specifically due to EBM.
The changes in exposure were determined by sampling workers conducting specific tasks,
known to have higher diesel exhaust exposure. Monitoring was completed for both elemental
carbon, as a surrogate for diesel particulate matter, and nitrogen dioxide.
Overall Dendrobium workers were exposed to less EC and NO2 than Metropolitan workers,
with less variation within the results. EC exposures were not over the exposure guideline of
0.1 mg/m3 at Dendrobium, although some results were over 0.05 mg/m3, which is half of the
AIOH DPM exposure guideline and the action limit for South32. The action limit is the value
that triggers Dendrobium to review their results current and/or potential controls to further
reduce exposure and if they are not already, implement appropriate control strategies. There
are several possible explanations for lower exposure at Dendrobium, and the most significant
of these is maintenance to the engines and emission control systems. Dendrobium were
conducting EBM and maintaining their engines accordingly during the personal monitoring
periods. Filter seals were in place and operational, ensuring the filters were always working
to their highest potential, and if they were damaged, they were fixing these quickly.
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Dendrobium were aware of changes to their engines through comparison of testing data with
target values and were thus fixing these quickly. Metropolitan was chosen as a control site,
as they had not implemented EBM and thus were not looking to significantly change their
diesel emissions signature during the research project.
Of the three SEGs involved in the study, the outbye workers were the only SEG that did not
experience a significant reduction in EC at Dendrobium when comparing the sites over the
course of the research. This lack of significant change may be due to the small sample size as
there were only 3 to 4 samples collected in the Outbye Workers SEG at each of the baseline,
midpoint and final sampling. This reduced sample number is due to the SEG having a smaller
cohort than the other SEGs.
Reviewing exposure to EC within the site and comparing the shifts monitored, at Dendrobium
EC was similar across weekday day shift, afternoon shift and night shift, although in
comparison, afternoon shift was exposed to less EC at Metropolitan until the final sampling
where exposure was similar between the shifts monitored. When reviewing this finding and
considering the equipment that is used at the mine sites, there is no real change in equipment
used, or tasks conducted on a shift unless there is a breakdown, or a maintenance day.
Maintenance days were avoided during the sampling programme as they are not
characteristic of normal operations. The shifts that were monitored were chosen in
conjunction with the mine sites to attempt to target similar shifts, where similar numbers of
equipment were operating.
Results for NO2 at both sites were low throughout the sampling campaigns. The 95% UCL
MVUE was between 1 and 2% of the current Australian Exposure Standard. The highest result
recorded was 6% of the current Australian exposure standard. Results were only 15-30% of
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the ACGIH exposure standard of 0.2 ppm, although the highest result was 90% of this
standard. There were some issues with the analysis as detailed in Section 6.3.9 but regardless,
exposures to NO2 were still low. This data is valuable as it shows that NO2 is not the highest
priority contaminant within diesel exhaust in underground coal mines to currently control,
and that focus can shift to other areas such as EC has higher exposures and thus higher
potential risk of health consequences. This conclusion is limited to the mine environments
and vehicle types included in this research, as other aftertreatment technologies can create
excessive NO2 (Cauda et al. 2009). It will be important to continue to review exposure to NO2
if a reduction in EC is achieved, as it is known that by reducing EC, NO 2 can increase (Spears
1997). This may be the reason for the increase that was seen in the Dendrobium NO2 data
between the mid and the final sampling, as there was a corresponding reduction in EC over
this time. Although the change was significant (p = <0.02), the exposure was still lower than
1/10th of the exposure standard.
The EC data collected demonstrated that the maintenance work that was done on the engines
and existing control devices was successful in reducing EC exposure to the workers at
Dendrobium. This was also evident at Metropolitan. The EC exposure at Metropolitan, did not
stay the same throughout the project, which was anticipated at the outset of the study as it
was the control site and additional maintenance was not scheduled as part of the research.
However, an intervention where the seals were fixed on the filter housing was implemented
by the site as discussed in Section 4.6 exhaust emissions results. The actions of not
maintaining, and then fixing the leaking exhausts is evident in Figure 6.10 where exposures
increased significantly from 0.04 mg/m3 to 0.1 mg/m3 at the midpoint when the seals were at
their worst, then down to 0.06 mg/m3 for the final sampling, after the seals had been fixed.
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The final sampling results did not realise the full reduction of EC back to baseline levels, and
there may have been more that could have been done to improve exposure further.
Regardless, this data clearly demonstrates the absolute importance of maintaining the
controls that are in place to reduce EC. The difference between the baseline and the final
sampling for EC was not significant at Metropolitan indicating that although the sampling
result for EC was not as low as it had been, there was little difference between the two.
In contrast at Dendrobium, there was a steady downward trend of EC exposure as was
anticipated due to engine and exhaust maintenance (Figure 6.9). During the maintenance
phase of the project, post the baseline testing, data variability reduced along with exposure.
This data is important as it demonstrates that EBM is a possible and likely reason for the
difference in worker exposure. As the engines were improved with respect to EC emissions, a
concurrent reduction in worker exposure to EC was measured. This also aligns with the finding
that fuel consumption decreased at the same time EBM was implemented. These are
important findings and supports the need for continued and focused maintenance through a
programme like the EBM programme in this study.
During the sampling campaigns, all individual exposure results were reported to the individual
worker promptly via a personal emailed letter. If a result was over the accepted exposure
guideline, this was highlighted. Face-to-face discussion was held with workers where possible.
Deidentified data was provided to the mine site contact to inform them of overexposures as
per ethics requirements. To the best of the researcher’s knowledge, no additional controls
were planned to be implemented, although this is likely at the control site to be due to the
high results coinciding with the mandated maintenance of the filter housing.
This data is important as it provides added weight to the belief that as emissions are reduced,
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worker exposures are concurrently reduced. Due to the design of the project, EBM is the most
likely reason for the reduction in worker exposure. These results provide the guidance that
EBM has the potential to reduce DPM and NO2.

6.6

Limitations

The first limitation of this part of the study is that a small number of vehicles on site had
different engine types to those in the PTVs and LHDs and were not included in the EBM
programme. Due to the limited vehicles numbers i.e. 1 to 2 vehicles with the same engine
type, enough data could not be collected to conduct valid data interpretations. Further
reduction to exposure may have been realised at the intervention site, Dendrobium, if all
underground vehicles had been included and EBM conducted.
The second limitation is that workers were not able to be sampled at each site on each
occasion due to changes in tasks and shifts, and reluctance to wear monitoring equipment
when they were already carrying significant loads on their belts. Therefore, data was not able
to be compared for individuals across each campaign, rather the data was pooled.
The third limitation is that the control site, Metropolitan implemented an intervention to
improve the efficiency of the filters by redirecting exhaust that was leaking, through the
filters. The effectiveness of this is clearly shown in the data.
In addition, there was limited data collected on outbye workers due to limited numbers of
participants available. This has resulted in a smaller number of samples than was preferred
for analysis.
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6.7

Conclusion

Workers at Dendrobium were exposed to 33% less EC at the end of the EBM programme than
at the beginning of the programme. This demonstrated EBM is likely to be an effective
intervention to reduce EC exposure to the workers. NO2 did not increase or decrease reliably
as a result of EBM programme. However, exposure to workers in underground coal mines
operating PTVs or LHDs is low in comparison to current standards. The maintenance that was
conducted at Dendrobium to reduce the EC is applicable to other sites, particularly those that
have disposable diesel exhaust filters in place to remove EC from the exhaust.
The implementation of EBM strongly suggests exposures to DPM will significantly reduce if
maintenance is conducted that reduces emissions from the engine. The data presented
cannot unequivocally determine EBM as the only intervention that induced the reduction in
exposure, as all factors could not be controlled for in an operating mine. The trends in
downward exposure at both sites from EBM (planned at Dendrobium, unplanned at
Metropolitan) strongly suggests that an EBM programme will reduce worker exposure. If the
changes to the exhaust filter housing had not been imposed at Metropolitan during the
research, then the data would have had a stronger effect with the results conclusive.
Other controls exist to reduce exposure to DPM as outlined in Section 2.4.3, and are
successfully being implemented as evidenced by the decreasing exposure in the NSW and
Queensland coal mines. Underground coal mines in NSW are limited by intrinsic safety issues
with technologies they can introduce, such as battery powered machines. In their current
form, battery power is not suitable for underground coal mines. Further work is ongoing in
this area and should be embraced when it becomes available for underground use, as this
eliminates exposures (Mining3 2018). Technologies that reduce worker exposure at the
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source should take priority.
EBM offers the greatest level of success regarding worker exposure and should be a priority
as this is a control that reduces contaminants at the source, whereas other control
technologies, such as ventilation dilute the contaminant. The quantity of air required to
reduce diesel particulate matter to 0.1 mg/m3 on its own is not practical. Infrastructure to
enable this to happen would have a large foot print, be complex, capital intensive to install
and ongoing operating cost prohibitive (Davies 2004). This research does not in any way
encourage or endorse the removal of controls that have proven to be successful and are
currently being used, rather it highlights the benefits available from implementing EBM,
particularly with respect to reduced worker exposure due to source reduction.

6.8
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CHAPTER 7- SUMMARY, CONCLUSION, LIMITATIONS AND
RECOMMENDATIONS
7.1

Introduction

This chapter summaries the findings of this research, the conclusions that arise from the
research, limitations and recommendations.
The aim of this research was to investigate emission based maintenance as a workplace
control to reduce worker exposure to diesel exhaust and to determine if there was an
associated productivity gain in the form of decreased fuel consumption when comparing an
intervention and a control site. Specific objectives were to:
1. Implement EBM on two main vehicle types, namely a load haul dump (LHD) machine
and a personnel transportation vehicle (PTV);
2. Reduce diesel exhaust particulate and gas concentrations emitted from the fleet;
3. Reduce the amount of fuel used by LHDs and PTVs as a result of targeted and focussed
maintenance;
4. Reduce worker exposure to diesel particulate matter (DPM) over one year of EBM
implementation; and
5. Investigate nitrogen dioxide (NO2) exposure and the effect EBM has on it.
To determine if the above aim and objectives were confirmed or rejected, two underground
coal mine sites in NSW were recruited, an intervention site (Dendrobium), and a control site
(Metropolitan). Emissions based maintenance (EBM) was introduced and implemented at the
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intervention site. This involved training mechanical maintenance personnel on how to use the
sampling equipment, how and where to take a sample, and how to interpret the results to
determine if there was a need for additional maintenance. This additional maintenance was
above and beyond that required by scheduled servicing. EBM was directed at a large
proportion of the intervention site’s diesel fleet, these being the Load Haul Dump machines
(LHDs) and personal transportation vehicles (PTVs). Emissions sampling and maintenance was
done approximately each 250 hours, or monthly, and this was conducted over approximately
15 months. The control site had sampling conducted by the researcher during three
monitoring campaigns, at the beginning to gain a baseline, at the midpoint and then end.
Again, a large proportion of the control site’s fleet were incorporated in the sampling,
however they were given no information regarding emission results at the time of testing.
To determine if the EBM made a change to diesel fuel consumption over time, the number of
litres of fuel used by each vehicle included in the EBM programme was calculated from
recordings at the intervention site over three monitoring campaigns. This was again a
baseline, midpoint and final monitoring campaign, where a worker manned the bowser and
noted machine numbers, number of hours on the hour meter and number of litres dispensed.
Due to the design of the fuel system at Metropolitan, fuel data was collected to begin with,
however, fuel data was unable to be collected after the first six weeks.
To determine if the EBM made a difference to exposures experienced by workers, personal
sampling was conducted in campaign style at both sites, with DPM (measured as EC) and NO2
monitoring conducted on workers in selected work areas. The campaigns were again baseline,
midpoint and final monitoring relevant to the EBM work being conducted at Dendrobium.
By employing quantitative analysis, insights were gained into how EBM affects fuel
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consumption and worker exposure.

7.2

Summary of research

7.2.1 Implementation of an emissions based maintenance programme and results
Several methods currently exist for each aspect of sampling engine exhausts for particulates
and gases. Research into the most the reliable, repeatable way for mechanical maintenance
personnel to undertake sampling for diesel particulate matter (measured as elemental
carbon) and exhaust gases was conducted. This included:
•

The test equipment to use,

•

Which engines to include, how to load an engine,

•

Where to take a sample,

•

How long a sample can safely be conducted for,

•

How hot an engine needs to be to gain a repeatable result,

•

How often sampling should be done, and

•

How to interpret the data.

Once the procedure and method of sampling had been determined, mechanical maintenance
personnel at the intervention site were trained to conduct the sampling and data
interpretation. Data was stored directly into the computer connected to the ECOM gas
analyser as well as noted on a paper results worksheet for easy and immediate interpretation.
Sampling was conducted each 250 hours, or monthly on the selected machinery and
maintenance conducted either immediately or scheduled soon after sampling.
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Sampling was done using the same procedure and method of sampling at the control site;
however, it was conducted during three campaigns rather than each 250 hours.
Early in the research, a site visit was made to Sunset Laboratory, Oregon, to understand the
elemental carbon analysis more fully, particularly with respect to exhaust sample analysis.
Thermal-optical analysis is the accepted technique for elemental carbon analysis of diesel
particulate matter using NIOSH 5040, however, the method was designed for personal
samples which are less heavily loaded and have more transmittance than exhaust samples.
The site visit was made to ascertain the correct way to analyse heavily laden or very dark DPM
samples, and to ensure that the equipment being used for DPM analysis in the exhaust, the
Diesel ChekMate® had been calibrated using data correct for this method. Additionally, this
information was needed to ensure the correct analysis method was used for any other heavily
laden samples sent to the laboratory during the research. The outcome of the site visit
determined that the oxygen cut is the correct, more accurate way to analyse exhaust samples
from coal mines where there is little chance of pyrolysis due to other carbon sources. The
Diesel ChekMate® had indeed been calibrated to this method, and thus did not require
recalibration.
An investigation into an appropriate length of time between calibrations of the gas analysis
equipment used in a heavily utlilsed diesel workshop was conducted. Fresh air calibrations
are conducted each time the ECOM gas analyser is started, however, the researcher required
some certainty around the length of time between gas calibrations can elapse without
adversely affecting the results. Calibrations initially started weekly and were extended
incrementally to four weekly with no further uncertainty. Thus, it was recommended
calibrations continue each four weeks, as this ensured the gas analyser results remained
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repeatable, but did not place unnecessary onerous workload on the workshop for additional
calibrations.
It was anticipated that the emissions sampling at the control site would result in similar DPM
and gas results over the duration of the baseline, midpoint and final sampling. Contrary to
this, there was an increase in EC from the baseline to the midpoint and then a significant
decrease to the final sampling campaign. The reason behind this change was likely to be due
to an intervention imposed on the site, outside of the control of this research. The site was
required to maintain the machinery and fix the exhaust filter housing as maintenance had
lapsed on the engine exhaust system. During this lapse in maintenance, personal exposure
levels increased from 0.04 mg/m3 diesel particulate matter (measured as elemental carbon)
to equivalent to the AIOH guideline for diesel particulate matter of 0.1 mg/m3, with some
individual results over this recommended guideline concentration. It had been noted during
the campaign monitoring, that the results on the tailpipe of the vehicles was unlikely to be
representative of the true result, as the exhaust was noted to be escaping from and prior to,
the filter housing. The vehicles exhaust systems were fixed and placed back into service. Leaks
were visually less noticeable during the final sampling campaign.
NO2 exhaust emissions decreased at both sites on average on both engine types. The LHDs at
Dendrobium showed a significant reduction from baseline to final sampling. It is likely the
reason behind this was the low temperature of the exhaust, as it is common for NO 2 to
increase as DPM decreases.
The outcome of the EBM at the intervention site was a reduction in tailpipe results for EC for
the PTVs and a reduction in the EC on both the manifold and the tailpipe of the LHDs. The
results on the tailpipe for both the PTV and LHD indicate the biggest influence was due to
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improvements on aftertreatment technologies to ensure the filters are able to work as
efficiently as possible. While the results on the LHD manifold are more likely to be due to
maintenance on the engine itself improving combustion.
The most surprising aspect of the data was the EC results before and after a DDEF. The
reduction in EC after a filter ranged from 50 to 69%, although filters are generally reported to
be more than 85% efficient. The reasoning behind this was investigated on four different
readily available disposable filter types on a stationary test rig. Of the four filters, two were
immediately efficient, one took 30 minutes, and one was still not at its maximum efficiency
at 45 minutes. A process called ‘greening in’ is permitted in USA, where filters are prepared
for testing by allowing the filter to be placed in an engine under load for a period of time
before the actual testing begins. This phenomenon is known to NSW Regulators and they have
provided a bulletin outlining this and that it must be considered by the sites selecting a filter.
A further concern is the recommended method of testing a filter on a stationary test rig. The
filter is tested under constant load, which does not replicate the duty cycle of an engine,
unless it is undertaking a specific consistent task, such as hauling a load up an incline. Tests
were conducted on in-service machines with reduced engine loads, and the filters were found
to not be as efficient as expected. It is likely that the engine load and resultant variation in
emissions due to the engine load play an important role in the determination of the filtration
efficiency of a DDEF. It is postulated that engines with very low emissions may take a longer
proportion of time to build DPM on the filter, thus delaying maximum filtration efficiency. A
compounding factor with this hypothesis is that workers are known to change filters
prematurely, thus filters may not be reaching their highest efficiency and are then changed,
starting the process again. If this is the case, then workers are being exposed to higher levels
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of DPM than anticipated.
A common maintenance fault detected at Dendrobium, particularly in relation to LHDs was a
blocked exhaust conditioning water bath, more commonly referred to as the scrubber tank.
Blockages cause backpressure on the engine to increase, and the exhaust bypasses the DDEF
and leaves via the exhaust pathway undiluted, potentially increasing worker exposure.
Blockages can go unnoticed with regular emissions testing as neither the CO nor DPM were
shown to increase above statutory limits, however, the EBM programme included
backpressure monitoring, which immediately indicated a blockage. The scrubber tank then
had to be removed and sent to the local maintenance workshop for overhaul. Although the
issue was quickly able to be detected using EBM, the frequency of the restrictions had reached
that point that prior to EBM, all LHDs were having this maintenance procedure conducted on
them each six months as part of the routine maintenance cycle (known as a Code D). Thus, a
reason regarding the formation of the blockage was sought. It was concluded that the amount
of conditioner that must be added to a scrubber tank to maintain the scrubber system without
restrictions forming was lacking. The regime of adding conditioner at more frequent intervals
with more reliable sources was rectified, and blockages reduced. Restrictions can still occur
however over a longer period and are detected earlier using backpressure readings as an
indicator.
An additional common fault that was detected across all vehicle types within the EBM
programme was poorly maintained filter housing seals. 40% of the filter housing and seals did
not have sound integrity during the initial appraisal of the vehicles. If the housing and seals
leak, then workers are exposed to higher levels of exhaust than expected. The seals differ
between each vehicle type, and indeed sometimes within the same vehicle type, and each
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have their unique problems. There was no specific mention of checking the seals in any of the
routine servicing requirements. As a result of the investigation into seals, the side loaded coal
tram filter systems were upgraded with improved OEM seals. Dendrobium also included an
inspection as part of their ongoing maintenance on a weekly and monthly basis. This is a
common issue, occurring through wear and tear and requires regular review.
Two further changes and improvements with diesel engine emissions at Dendrobium involve
the regular testing that was already occurring as part of statutory requirements. The first was
a change from doing weekly portal sampling of engine exhaust gases to using the EBM
monitoring to satisfy the weekly/monthly requirement for mine sites to test their engine
exhaust. Prior to EBM, Dendrobium was conducting weekly sampling at the portal. This was
not an accurate assessment of the exhaust, provided little value, did not consider DPM and
took two personnel to undertake the task. It was required to be improved. One solution could
have been installing a diesel test station or equivalent. Installing a diesel test station would
have been a significant capital outlay (> $250k) and would have taken a 3 to 4 hour round trip
to conduct the test for one person. By liaising with and providing information to the Statutory
Regulator demonstrating the benefits of EBM, the EBM programme was approved for use for
the purpose of weekly/monthly sampling. A further advantage to this was that all vehicles on
site were required to be part of the EBM programme.
The second improvement was the timely and efficient use of mandatory 3-monthly testing
data generated by a licensed laboratory. Testing that was in place immediately identified if a
vehicle was outside the allowable statutory limits and required tagging out and fixing prior to
being allowed underground again, however it did not identify if an engine was below statutory
limits but outside acceptable baseline limits. This information may not be known for up to
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two weeks until the site received and reviewed the test certificates from the licensed
laboratory. During this time, the vehicle would be operating underground. A system was
implemented where results from testing could immediately be interpreted to determine if
the engine was acceptable, or outside acceptable baseline limits, and required to be taken
out of service and fixed prior to returning to service. Additional mechanical maintenance
personnel were made available during the testing time, to fix the engines with these issues in
real time and allow the licensed testing laboratory to redo the test as mandated, prior to the
vehicle being returned to service. This new system was a cost saving measure as the licensed
laboratory was not required to return to site to conduct the retest and engines were emitting
a cleaner exhaust immediately.
A final improvement that was made, was to the diesel particulate analyser used to test the
engine exhaust. Appropriate, reliable workshop testing equipment is a key to repeatable
monitoring, and this project has led to improvements in the equipment for DPM sampling and
analysis. Several key changes were made to the Diesel ChekMate® as a result of the input and
sampling requirements for EBM. The Diesel ChekMate® was upgraded by the developers, ERP
Engineering, with research and development assistance from workshop personnel at
Dendrobium. The following changes were made:
•

Exhaust flow through the system was increased to allow faster flow of the exhaust,
creating less restriction, and less time for the sample to be collected with the engine
under load;

•

A water trap was added, to remove additional moisture due to this increase in flow
which was particularly relevant to colder weather;
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•

The flowrate was changed to only test at one flowrate, which removed decisions that
had to be made regarding which flow to select. Selecting the wrong flow resulted in
the test being done again, placing more load on an already hot engine; and

•

In conjunction with the change in flowrate was a change in filter type used. The new
filter was less friable and did not break under high load. This resulted in less retests
required.

The Dendrobium workshop personnel reported these updates to be a resounding success
providing a reliable, quick, (Davies 2004; Spears 1997; Waytulonis 1992) and easy to use
workshop device.
This research project demonstrated successful implementation of EBM at a site that was not
previously conducting proactive maintenance on their diesel fleet. This is consistent with work
done by Spears (1997); Waytulonis (1992); McGinn (2000); and Davies (2004). This research
that elaborated on this previous work, by using a workshop based tool to collect diesel
particulate matter data from raw and treated exhaust consistent with NIOSH 5040.
There remains room for improvement for the EBM programme at Dendrobium with further
investigation of the emissions data as it is generated, allowing timely maintenance, and
improved recording of maintenance conducted and access to this data. The emissions data
was not used to its full potential as research and development work on the diesel particulate
monitoring equipment impeded this. However, this work was essential to improve the
system, with the final product being a user friendly, reliable piece of equipment.
7.2.2 The effect on fuel consumption from EBM
Fuel consumption data collection was conducted at the intervention site over three one week
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periods, equating to the beginning of the EBM programme, the midpoint and at the end of
EBM data collection. The most reliable way to collect this data was to physically have a worker
man the fuel pump and record the number of litres dispensed and the number of hours on
the vehicle. Due to intrinsic safety issues, a more sophisticated automated recording system
is difficult and expensive to implement, and beyond the scope of this project.
The data collected must be interpreted with caution as at times the accuracy of the data
collected was questionable due to:
•

Missing numbers after the decimal place in both litres and hours,

•

Vehicles fueling up underground where there was no accurate record of litres
dispensed and thus partial data was missing resulting in the remaining data being
removed, and

•

Data not being accurate due to faults with the hour meter.

Although all data was removed where it was determined an error had occurred in the
reporting, it is possible that some errors were missed, and the amount of data available
to interpret was diminished.
Of the data that was remaining, and deemed to be suitable for further analysis, a significant
reduction in fuel consumption was calculated for both the LHD and the PTV with a 3 L/hour
and 0.7 L/hour reduction respectively. This equated to approximately 14.5 % saving across
the two vehicle types used, and a cost saving of nearly $105,000. This data supported fuel
consumption reductions due to maintenance previously reported by Forbush (2015) and
Waytulonis (1985). Forbush (2015) showed savings of between 10-23% fuel, although the
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method of data collection was not reported.
Unfortunately, fuel data was unable to be collected at Metropolitan after the first six weeks
due to onsite issues, and thus no comparisons could be made.
7.2.3 The effect on personal exposure to DPM and NO2 from EBM
Personal exposure monitoring was undertaken on three similar exposure groups (SEGS),
generally known to have the highest diesel particulate exposure in underground coal mines.
These were the development panel, outbye workers and diesel equipment operators.
Monitoring was conducted over three shifts; weekday day, weekday afternoon and weekend
night shifts, with these three shifts being monitored three times during data collection;
baseline, midpoint and final. Volunteers were recruited to wear sampling equipment, and
although the intention was to have the same person wear the monitoring equipment each
time, this was unable to occur due to changes in personnel, shifts and tasks.
Monitoring was conducted in accordance with NIOSH 5040 for diesel particulate matter
(measured as elemental carbon), with a modified cyclone and impactor used to reduce
interference of mine dust. A passive badge was used to measure nitrogen dioxide in
accordance with AS 2986.2. Although NATA accredited laboratories were preferred, this was
not possible for, nor the best option in some cases. During the analysis and reporting of the
samples several errors by the analysing laboratories were discovered. Proficiency testing was
required to gain confidence in the personal monitoring results. Numerous mathematical and
process issues occurred with two of laboratories. Proficiency testing was conducted by all the
laboratories involved in analysis of NO2, with on laboratory repeatedly providing the most
accurate results, and thus providing confidence in the personal sampling results received. This
resulted in a change in laboratories conducting the analysis after the baseline monitoring. The
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main issues were around NO2 analysis. The laboratories undertook proficiency testing at the
request of the researcher, and the laboratory with the most accurate result was selected as
the laboratory to continue with the analysis.
The outcome of the monitoring was that workers at the intervention site were exposed to
33% less DPM during the final monitoring after EBM had been implemented for 15 months,
when compared to the baseline results prior to EBM, pre EBM. Workers at the control site
experienced an increase in DPM which correlated with poorly maintained filter housing and
inadequate seals.
NO2 results were low at both sites throughout the sampling campaigns with most results
recording only 1 to 2% of the Australian Exposure standard of 3 ppm. A review of the literature
regarding NO2 emissions indicated that NO2 is not reduced in the same way as EC in
underground coal mining equipment due to a cooler exhaust.

7.3

Conclusion

This research project clearly demonstrates positive links between EBM and worker exposure,
and EBM and reduced fuel consumption. Resources and time are stretched in many
workplaces and budgets are tight, however cost savings and providing an improved workplace
can be achieved by implementing EBM. Support from management is vital for the successful
introduction and implementation of EBM, and ongoing enthusiasm and the understanding of
why it is important from the mechanical maintenance personnel is integral for the enduring
success of the programme. The study addressed both the theoretical and the practical aspects
of diesel engine combustion and the formation of diesel engine exhaust and approaches to
monitor engine emissions and check potential causes of increasing diesel engine exhaust.
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This thesis has confirmed the three central hypotheses that maintaining a diesel fleet using
EBM reduces diesel exhaust emissions; improves productivity by reducing diesel fuel
consumption; and reduces workers’ exposure to diesel exhaust.
The objectives of the study aimed at determining the information required to answer the
hypotheses were also confirmed. This research has shown that:
•

EBM was successfully implemented on the two main vehicle types, namely a load haul
dump (LHD) and a personnel transportation vehicle (PTV) (Objective 1)

•

EBM successfully reduced diesel exhaust particulate and gas concentrations emitted
from the fleet as a result of implementing EBM and targeting and focussing
maintenance (Objective 2).
The DPM exhaust emission was reduced from the PTVs and LHDs at the intervention
site. These are the main and most numerous vehicles in the fleet. The success of this
part of the project was predominantly due to improving two faults, that being
blockages in the exhaust pathway, and improving the seals on the filter housing.
Additional scope is available to improve maintenance further up on the manifold, prior
to aftertreatment devices. Implementing EBM resulted in a reduction of EC emitted
from the exhaust of PTV’s and LHD’s at the intervention site by 33% and 38%
respectively
Implementing an unplanned intervention at the control site saw a reduction in EC
exhaust emissions of 25% and 80% on the PTV’s and LHD’s respectively

•

Implementing EBM successfully reduced the amount of fuel used by LHDs and PTVs
(Objective 3)
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A savings in fuel can be linked with EBM implementation with the PTVs reducing fuel
consumption by approximately 6% and the LHDs by 20% with a 14% average for the
site which equated to approximately $105,000 at the time the research project was
undertaken.
•

Implementing EBM successfully reduced worker exposure to diesel particulate matter
(DPM) after one year (Objective 4)
Worker exposure to EC reduced by 33% overall at Dendrobium over the 15 month
sampling period (slightly longer than anticipated), while at Metropolitan worker
exposure increased by 33% from the baseline to final sampling

•

Investigate nitrogen dioxide (NO2) exposure in two underground coal mines and the
effect EBM has on it (Objective 5)
EBM did not have a positive effect on reducing NO2 exposure in either of the
underground coal mines where monitoring was conducted. There was no overall
change to NO2 worker exposure at either site however it was measured to be below
2% of the current Australian exposure standard at both sites and 10% of the ACGIH
exposure standard of 0.2 ppm.

The findings from this research strongly indicate that if EBM is implemented on a site, exhaust
emissions should lower, resulting in lower fuel consumption and reduced worker exposures.
EBM can be applied to any well utlilsed diesel fleet and is particularly relevant where engines
are maintained regularly on site. The research study contributed to the knowledge that
trained site mechanical maintenance personnel have the competency to use EBM monitoring
equipment and interpret the basic results with training as well as conducting the monitoring
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for the EBM programme. The mechanical maintenance personnel involved in the research
study demonstrated their understanding by utilising it outside the designated emissions
testing time to find faults and used the sampling equipment on other vehicles to gain an
understanding of maintenance issues. Utilising emissions data in fault finding software would
assist them to utilise the results to their full capability.
This research study has shown that it is beneficial to mine operators and workers to
implement an EBM programme in an underground coal mine.

7.4

Limitations

Several limitations to this research project have been identified. These are:
•

The validity of the difference between the gas and DPM manifold and exhaust testing
results at Metropolitan are questionable for the baseline and midpoint sampling
particularly. This is due to exhaust escaping to the atmosphere prior to sample
collection and thus available exhaust potentially not being representative. The
implications of this are that the engine emission results at Metropolitan may be
reported to a better standard than what was being achieved.

•

Another source of uncertainty is the small number of vehicles that were available for
testing at Metropolitan, particularly for the final testing, thus resulting in reduced
confidence in the results.

•

Data collection of representative fuel use was challenging, particularly underground
where there is no ability to determine how much fuel is used. Operators were
encouraged to add fuel on the surface, but at times this was not possible. Thus,
vehicles that had to refuel underground were excluded.

•

Some fuel and hour meter data were provided without either the part litres, or the
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part hours included. This could make as much as a 0.9 L or 54 minutes difference.
•

Not all underground vehicles were included in the monitoring. Only the PTVs and LHDs
were intended to be included, as these were present in high enough numbers to allow
data analysis and interpretation. However, it was determined that some other vehicles
were included in the EBM, such as a juggernaut. Appendix 21 contains information on
other vehicles. This may have affected the personal results, potentially adding to the
reduction.

•

Due to the ongoing nature of the emission monitoring at Dendrobium, valid vehicle
results for the same individual engine, taken at different times, may have been
included more than once in the data.

•

Metropolitan was selected as the control site, meaning that no additional work around
exhaust reduction was to occur. However, the site was required to fix issues with their
filter housing, and this resulted in a variation in results over time that was not
anticipated or expected.

•

The same personnel were not available to be monitored on each sampling campaign
for both DPM and NO2. This meant data was pooled, rather than comparing an
individual and their exposure over the campaigns.

•

Personnel data for Outbye workers was limited, due to limited number of Outbye
workers available to sample.

•

Problems with raw exhaust sampling for DPM (EC) were extensive throughout the
research project until the final months of sampling. This meant that many samples
that were taken at Dendrobium contained one invalid component, rendering the
entire 4 components unusable for this research, and limiting the data available.

•

The initial difficulty in sampling reduced the effective time for further data
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interrogation at site level; thus, some of the more difficult to interpret data was not
utilized to its full potential. This meant further maintenance was not able to occur, and
thus additional emissions reduction was not possible.
•

At the onset of the project, a commercially available software package called the
Diesel Emissions Analysis System (DEAS) was envisaged to be field tested. If
mechanical maintenance personnel do not have any diagnostic expertise, this
software is specifically designed to identify potential faults with engines displaying
abnormalities based on the raw exhaust analysis and key engine parameters such as
turbo boost, fuel pressure, intake back pressure etc. There was a problem with
available data, and resultant output, and this was not remediated in time to
incorporate the use of this programme within the research study. This computer
program was designed to focus the mechanical maintenance personnel on
maintenance issues of concern directly related to the results of raw exhaust sampling.

•

Interpreting data and conducting statistics in a timely manner is difficult, particularly
if the person doing this is not based on site and able to review data as soon as it comes
in resulting maintenance delays.

•

Monitoring in the workplace becomes an intervention if information is communicated
to the workers resulting in change. Monitoring in this research project includes
monitoring the vehicles exhaust, monitoring of workers exposure and monitoring the
amount of fuel that is used. Monitoring itself is not an intervention as it does not
change the status of what is being monitored, rather it provides data on the status
quo and if changes are implemented, what the difference is in response to the
intervention. Informing crews of the aim and objectives of the project, inviting
workers to undertake personal monitoring during the project and requiring some data
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collection such as fuel monitoring occurred. This undoubtedly increased awareness
amongst the workers, evident by questions raised and interest shown in the results
and outcomes. This information is likely to have had some impact on worker
behaviour, encouraging them to maintain components of engines and aftertreatment
devices where possible and permissible, as well as earlier reporting of maintenance
issues. Thus, although the intervention was based specifically on implementing EBM,
indirect intervention may have occurred through monitoring and awareness due to
the research project however this was not quantified.

7.5

Recommendations

Based on the findings and limitations of the research project, the following recommendations
are made with respect to future EBM programmes in the mining and wider industry:
7.5.1 Raw exhaust emissions testing and EBM
•

Emissions testing and associated maintenance should be implemented at any mine
which operates diesel vehicles underground. Emissions data highlights maintenance
requirements which could potentially continue unabated until statutory testing
occurred. In such situations the potential for increased workplace exposures would be
much higher. Appendix 22 contains information that a business may find useful to
support a business case to implement EBM.

•

At the Dendrobium site additional work and training to further embed the review and
interpretation of exhaust data and acting on the results is required. At the conclusion
of the research project data collection was reliable and imbedded in the maintenance
system, however further data interpretation in line with the work conducted by
McGinn (2000) would be beneficial. The data collected should be utilised to its full
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potential to allow further predication of faults before catastrophic failure occurs.
•

In the implementation of any EBM programme the issue of how data is managed and
interpreted must be considered. Each test on one sampling point creates
approximately 22 data points. Thus, when testing pre and post control technologies,
there are 44 data points per vehicle, each month, thus 528 data points are generated
each year for each vehicle. For a fleet of 25 vehicles, which is a not a large fleet, there
are over 130 000 data points to consider. The current data management software is
inadequate to allow site mechanical maintenance personnel to easily interpret and
then act on the issues identified from the data. Mine site workshops have strict time
constraints imposed on them, and thus if data interpretation is not simple, the process
of EBM could easily become a data collection process, rather than a simple
maintenance identification and implementation tool. For sites not currently
conducting EBM, the process would be more efficient due to lessons learnt
throughout this research project and upgrades made to equipment.

•

The development of software or a process that evaluates the raw exhaust data in realtime, or near-real-time and provides feedback to the mechanical maintenance
personnel regarding what maintenance issues are present would be a major saving in
time and assist the sites to make the most of the data they are collecting and help to
reduce emissions and save costs.

7.5.2 Fuel inventory and use
•

Install updated fuelling depots with tracking of each vehicle hours and consumption.
With profiling, this would then flag up vehicles that are using more than anticipated
fuel and would provide another trigger point for maintenance review.

•

Ensure all ‘jerry cans’ are removed from site. This will reduce the risk of fuel
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contamination from dirt in the fuel allowing vehicles to operate more efficiently and
cleanly.
•

Improving and standardizing fuel bays underground. Currently fuel bays underground
differ in ease of use and cleanliness, and this introduces a source of contamination.
Provision of a properly designed area with a concrete pad would allow for easy
cleaning and would reduce fuel contamination and emissions.

7.5.3 Personal exposure to diesel exhaust
•

EBM reduces worker exposure to DPM, and to a lesser extent NO2. EBM is a control
that can be implemented on any site with regularly used and maintained diesel
vehicles. It has been demonstrated to be successful in the Australian underground coal
mining industry, with no foreseeable barriers to other industries.

7.5.4 Supplementary finding
•

The current diesel particulate filters used on site should be reviewed to confirm they
are working to protect the workers from exposure to EC and NO 2 from the moment
they are installed for use. Consideration should be given to applying an in-service
filtration efficiency test to better understand the limitations of the filter in terms of
controlling DPM at its source.

7.6

Contributions to the scientific community

This research is novel in that it is the first of its kind to implement an emissions based
maintenance program and at the same time measure workplace exposure to determine the
effect that EBM has on the concentration of the contaminants that workers are exposed. It is
also the first of its kind to demonstrate a productivity gain in the form of a saving in fuel
through reduced fuel consumption concurrently while implementing EBM and measuring
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workers exposure. It adds weight to the work conducted by Forbush (2015) and Waytulonis
(1985) that EBM reduces fuel consumption. The research confirms the work done by McGinn
(2000) that the implementation of a sustainable intervention is more than the introduction of
new procedures and requires the motivation of a number of site based stakeholders and
specific instruction and training of the diesel workshop maintenance workers
In summary, it is believed that this project has through its outcomes added significant data to
the knowledge base of controlling exposure to emissions through emissions based
maintenance. This research has made significant contributions to the scientific community by
demonstrating that EBM can be implemented on a site and operated by mechanical
maintenance personnel. It can reduce costs by minimising fuel consumption, and importantly
it reduces the exposure of workers to diesel exhaust. The linking of cost savings and health
will assist with providing the necessary catalyst for sites with a diesel fleet to implement EBM.
The International and Australasian mining community has been interested in the outcome of
this research project as evidenced by an invitation to talk at the 2018 Mechanical Engineers
Conference in Sydney, the provision of a webinar for the Australasian Institute of Mining and
Metallurgy (AusIMM) in October 2019, provision of a case study for the International Council
on Mining and Metals (ICMM) in October 2019 (Appendix 20) and an invitation to present at
the ICMM health workshop in Moranbah in December 2019.
In addition, the refinement of a workshop diesel particulate analyser, Diesel ChekMate® to
help identify maintenance issues will be of considerable benefit to mechanical maintenance
personnel and those measuring diesel exhaust emissions. This tool has been upgraded and
trailed by workers using the tool on the shop floor, and thus this demonstrates its usability
and acceptability.
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The significance of this project extends beyond the mining industry into the public health
domain where significant reductions in atmospheric pollutants from on-road diesel vehicles
can potentially be achieved, thus mitigating the potential development of chronic obstructive
lung disease and lung cancer. Further exploration in this area could be a significant
contribution to public health.
If successful, this research may provide the stimulus for other sectors (e.g. rail, construction,
public transport), to invest in effective EBM strategies with a resultant improvement in public
health outcomes nationally and globally especially in cities and countries struggling with
excessive diesel exhaust pollution such as Delhi, Nairobi and Beijing (Goyal 2003; Goyal et al.
2010; Mbugua 2018).
The significance of this research are as follows:
•

EBM results in cleaner burning engines and should therefore reduce diesel exhaust
exposure to workers,

•

EBM has the potential to reduce fuel consumption due to improved combustion, less
fuel is required, and therefore less fuel is purchased,

•

EBM provides a method to determine how exhaust components can be altered to
allow continued use of older engines,

•

Tracking vehicle emissions during EBM means deterioration of engines can be
detected in some instances prior to breakdown,

•

EBM may improve fleet availability and reliability if engines are operating more
effectively and efficiently, and

•

EBM may have a significant return on investment with respect to reducing exposures

291

to workers, reducing fuel consumption, and therefore costs.
This thesis was prompted by the need for scientific evidence to support implementing
emissions based maintenance as a source control for diesel engine exhaust
exposure. This study supported previous research that emissions based maintenance can
successfully be undertaken by site personnel and built on this knowledge by including the
measurement

of

diesel

particulate

matter

measured

as

elemental

carbon.

It also demonstrated a reduction in fuel consumption, coinciding with a reduction in diesel
engine exhaust, and a significant reduction in worker exposure to diesel particulate
matter, all key benefits. With the help of the intervention site, the work and research that has
contributed to this thesis has also identified important improvements to a workshop sampling
tool for diesel engine exhaust as well as maintaining diesel engine exhaust systems. Providing
a safe place of work, including reducing the exposure of workers to harmful exposures
involving carcinogenic contaminants such as in diesel engine exhaust, is a duty of care for all
persons providing a business or undertaking, and thus, implementing emissions based
maintenance is a further control that can be implemented to support this, as well as providing
a reduction in costs due to less fuel used.
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Appendix 1 - Calibration records of sampling equipment - Diesel ChekMate®
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Appendix 2 - Calibration records of sampling equipment - ECOM gas tester

299

300

301

302

303

304

305

Appendix 3 - Record sheet for EBM sample collection
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Appendix 4 - Fuel data collection communication

307

308

309

Appendix 5 - Muster room fuel log communication - PowerPoint
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Appendix 6 - Fuel data collection poster
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Appendix 7 - Fuel bowser data collection procedure
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Appendix 8 - Fuel data collection log
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Appendix 9 - Explanation of changes to personal sample results
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Appendix 10 - Ethics approval
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Appendix 11 - Recruitment communication session
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Appendix 12 - Participant information sheet form – Intervention Site
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Appendix 13 - Participant consent forms – Intervention and Control Sites
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Appendix 14 - Participant information sheet form – Control Site
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Appendix 15 - Site information sheet – Control Site
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Appendix 16 - Site information sheet - Intervention Site
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Appendix 17 - Signed copies of Mine participant information sheets
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Airchek 3000
Pumps for Research Project
Calibrated Calibrated Calibrated Next Calibration dueCertificate of compliance Calibration and service record
Pump S/N No.
y
Y
28/6/17 9/10/2017 11/05/2018 11/05/2019
1
12082
y
y
3/06/2017 16/06/2017 16/06/2018
2
12043
y
y
3/06/2019 16/06/2017 16/06/2018
3
12103
y
y
3/05/2016 16/06/2017 16/06/2018
4
13250
y
y
5 27/02/2017 28/06/2017 11/05/2018 11/05/2019
12108
y
y
6 23/02/2017 24/11/2017 11/05/2018 11/05/2019
12052
y
y
23/08/2016 14/08/2017 14/08/2019
7
12060
y
y
6/11/2018
3/06/2016 28/06/2017 6/11/2017
8
12044
y
y
16/06/2017 16/06/2018
11086
BIOS
NA
NA
14/06/2018
1/03/2017 30/08/2017 14/02/2018
136539
NA - not applicable as not taken underground

Appendix 18 - Summary of calibration records for air sampling pump and Bios
calibrator
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Appendix 19 - Dendrobium Trigger Action Response Plan (TARP)
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Appendix 20 - ICMM EBM Case Study October 2019

340

341

342

343

344

345

346

347

Appendix 21 - Other Vehicles and EBM
Although not all vehicles on site at Dendrobium were included in the research, all vehicles
were undergoing EBM as part of Dendrobium’s diesel emissions management. One of the
main challenges with introducing new vehicles to EBM is the ability to collect a valid tailpipe
sample. This is due to each exhaust point varying in location, size and shape. Generally, there
is enough exhaust to collect as the diesel engines are powerful and can be placed under load.
However, the challenge can be having enough backpressure to collect exhaust into the mixing
unit to take a sample. Some machines such as an longwall chariot (LWC), which is a specialty
machine brought to site to move longwall chocks during the longwall move are hydrostatic
engines, and although these can be loaded using the hydraulics, it is a far more complicated
process, and the engine does not run in comparison to as other engines. Running the engine
until it reaches 70oC on the oil filter is not possible, as the machine shuts down before
reaching this temperature. These variations in equipment design need to be taken into
consideration when setting up an EBM programme.
At the beginning of the research, prior to all machines being part of the programme, a
situation arose where the mechanical maintenance personnel conducted a test on a different
type of LHD that was reported by workers to be very smoky. The mechanical maintenance
personnel used the testing equipment to see if they could use the results to determine what
was wrong with the LHD. The EC was over the measurement ability of the ChekMate® (over
60 mg/m3) and the gas test made the gas meter filters so dirty they needed changing
immediately. Carbon monoxide was recorded as over 5000 ppm indicating a fuelling issue.
The machine was tagged out and investigated and found to have a broken fuel plate coupling.
Testing was redone after the coupling was fixed, and results were vastly improved for EC and
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CO as shown in table 22.1.
Table 21.1
coupling

Pre and Post maintenance results on a Juggernaut with a broken fuel plate

Before maintenance
After Maintenance

CO2
(%)

CO
(ppm)

NO
(ppm)

NO2
(ppm)

12

5429

245

10

11.6

834

457

29

DPM
(mg/m3)
60
33

These results highlight the need for all diesel vehicles on-site to be included in the EBM
programme.
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Appendix 22 - Information required for businesses to implement an
emissions based maintenance (EBM) intervention
EBM is the process of measuring the exhaust from an engine and conducting maintenance on
that engine (if required) because of those measurement results. The purpose of this type of
maintenance is to improve the operation of the engine and associated emission control
strategies. Improvement to diesel engines operation can mean different things to different
sectors within an organisation. An engine can undergo maintenance for improvement for
several outcomes, including:
•

Reduced risk to business, due to reduced frequency and duration of breakdowns

•

Increased availability for use, due to reduced frequency and duration of breakdowns

•

Reduced fuel consumption, due to a cleaner operating engine

•

Reduced diesel particulate filter use, due to a cleaner operating engine

•

Reduced worker exposure to contaminants within the exhaust, due to a cleaner
operating engine

•

Reduced cost for air filters and other consumables due to changing them when
required rather than at a specific timeframe.

Considering each of the above outcomes within an organisation, Planners are most interested
in vehicles operating to design specification allowing operations to run smoothly, consistently
and not being delayed unnecessarily; the Finance Department are most interested in cost
reduction such as in fuel use reduction and reduced consumable costs; and the Health and
Safety Department are most invested in reduced worker exposure. Management have an
investment in all these areas but particularly reduced risk to business, reduced costs and
reduced worker exposure and workers are most invested in smoothly operating machinery,
particularly reduced breakdowns as well as reduced exposure to themselves.
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Integrated vehicle health management (IVHM) is the active management of a vehicles health
to help ensure reliability (Holland 2008). IVHM is common in over the road vehicles and is
becoming more sophisticated and required to secure customer satisfaction and attract new
customers. It involves on board diagnosis to identify vehicle maintenance problems before
they occur, allowing corrective actions to be conducted before the vehicle is damaged and
potentially costing more to fix; or for the vehicle to be maintained on an as needs basis, rather
than regimented service requirements. For example, General Motors has an oil life monitor
available on most of their engines which determines actual driving conditions, and how often
oil needs changing. This ranges from every 4000 kilometres for ‘stop and go’ city driving to
20000 kilometres for highway driving (Holland 2008). This translates to cost savings on having
a service done on the engine, reduced environmental impact as less oil is needed and less
time wasted for vehicle owners who do not need more regular oil changes. Such a system
does not work so well in underground coal mining environments due to operating restrictions.
Electronic engines with electronic control units (ECU) are available in some underground coal
mining vehicles. However, there are problems with the reliability and applicability of the ECU
and the ability to reduce maintenance requirements based on these results. One of the issues
with using these vehicles in NSW underground coal mining is the requirement to de-rate
engines in high methane mining situations, which means the engines do not operate as
efficiently as they would if they were operating as intended by the engine OEM. EBM can
assist in engines operating more reliably and smoothly, and although it is not real-time, it is a
way of profiling engines to determine if and when maintenance is required.
The success of an EBM programme relies on it being implemented comprehensively within a
workplace so that it becomes part of the culture of the business. To implement it within a
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workplace, a business case must be created that advocates for EBM, demonstrating it is
justified in terms of strategic direction of the business and highlighting the benefits it will
deliver. The business case needs to take into account the workplace for which it is intended
and the resultant benefits and cost of its implementation. To create a business case, data is
required to satisfy the key stake holders, such as planners, health and safety personnel,
workers, management and finance, that it is a worthwhile and beneficial idea
Holland, S 2008, ‘Integrated vehicle health management in the auto industry’, in 2008 2nd
Electronics System-Integration Technology Conference, pp. 85-8.
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